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FOREWORD 


In  light  of  the  increasing  importance  of  microwave  semiconductor 
devices,  Raytheon  Company,  Research  Division  has  undertaken  a study  of 
electrical  traps  in  microwave  materials  under  the  auspices  of  the  Air  Force 
Office  of  Scientific  Research.  This  report  concentrates  on  the  progress 
achieved  during  the  third  and  final  year  of  the  program. 

This  program  was  the  final  year  of  a three-year  program  to  identify  the 
sources  of  trapping  centers  in  gallium  arsenide  semiconductor  devices,  to 
correlate  this  evidence  with  device  effects  and  to  eliminate  or  minimize  these 
effects. 

During  the  first  year  of  the  program  we  assembled  measurement  appa- 
ratus and  established  a technique,  based  on  drain  current  transients,  in  de- 
termining trap  activation  energies  on  GaAs  FET'  s using  a modification  of  deep 
level  transient  spectroscopy  (DLTS). 

During  the  second  year  we  applied  the  new  DLTS  measurement  technique, 
and  variations  of  it,  to  numerous  samples  chosen  to  provide  comparisons  of 
different  growth  and  device  processing  methods.  The  data  has  been  supple- 
mented by  other  pulsed  and  optical  experiments  which  are  described  in  the 
Second  Interim  Report. 

During  the  final  year,  we  used  transient  capacitance  DLTS  techniques 
by  utilizing  special  FET  structures  (fat  FET' s)  and  specially-doped  test 
Weders.  A hole  trap  (at  45  eV  due  to  copper)  was  identified  in  p-GaAs  and  an 
electron  trap  at  0.34  eV  in  an  n-GaAs  IMPATT  diode  was  detected.  A tech- 
nique was  devised  for  identifying  trap  energy  levels  from  a single  DLTS  tem- 
perature sweep.  Surface  traps,  whose  signature  differs  qualitatively  from 
bulk  trap  signatures,  were  discovered  in  FET  wafers.  An  FET  structure 
which  was  grown  and  fabricated  into  recessed  gate  devices  minimized  the 
effect  of  traps,  as  was  demonstrated  by  measuring  pulsed  and  DC  I-V 
characteristics. 

This  report  has  been  given  an  internal  number  of  S-2333. 
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This  final  report  on  a three-year  study  of  electrical  traps  in  GaAs 
and  their  effects  on  microwave  devices  will  concentrate  on  the  experiments 
and  analysis  carried  out  during  the  final  year  of  this  project.  Many  of  the 

1 -2 

important  results  of  these  earlier  studies  are  discussed  in  interim  reports, 

including  (1)  the  development  of  a novel  deep  level  transient  spectroscopy 

(DLTS)  method  based  on  current  transients  instead  of  capacitance  transients, 

2 

which  had  the  advantage  of  being  directly  applicable  to  operating  FET's, 

(2)  the  development  of  an  important  new  method  for  increasing  mobility  in 

FET's  and  other  thin  semiconductor  films,  and  (3)  the  measurement  of  the 

transient  changes  from  the  DC  1-V  characteristics  of  FET'  s caused  by 

1 -2 

pulsing  the  gate  or  the  drain  voltages. 

1 . 1 Electron  and  Hole  Traps  in  IMPATT  Diodes  and  FET's 

The  importance  of  trapping  centers  in  semiconductor  materials  has 
been  recognized  for  many  years,  ^ but  the  developing  art  of  growing  high- 
quality  VPE  GaAs  with  controlled  doping  levels  for  IMPATT  diodes  and  FET' s 
has  made  it  more  important  than  ever  to  understand  the  role  of  electron  and 
hole  traps.  By  determining  the  energy  levels  of  the  important  traps,  the 
chemical  impurities  which  caused  them  can  be  identified,  which  is  an  aid  in 
modifying  the  growth  techniques  in  order  to  reduce  the  density  of  impurities 
and  lattice  defects  in  GaAs.  The  physical  location  of  these  traps  gave  in- 
formation which  was  useful  in  devising  structures  for  semiconductor  devices 
which  would  minimize  their  effects  upon  performance.  For  FET's,  struc- 
tures can  be  fabricated  which  isolate  traps  from  the  substrate  by  means  of 
buffer  layers  and  isolate  traps  on  the  surface  by  means  of  a recessed  gate. 

Because  of  the  evident  importance  of  traps  and  surface  charge  to  the 
operation  of  FET' s,  our  effort  was  concentrated  upon  these  devices.  How- 
ever, experiments  were  also  carried  out  to  measure  trap  densities  near  the 
doping  spike  of  a Read  IMPATT  diode  and  to  measure  hole  traps  in  p -GaAs. 
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u 

At  the  present  time  the  characterizations  of  p-GaAs  have  a particular  im- 
portance because  of  the  emerging  technology  for  double-drift  IMPATT  diodes 
in  GaAs. 

The  occurrence  of  traps  in  FR.T' s causes  the  parameters  of  these 
devices  to  become  time  and  bias  dependent,  and  also  to  become  light-sensitive. 
Fluctuations  in  the  trap  occupancy  causes  corresponding  fluctuations  in  the 
source-gate  capacitance.  Although  the  fraps  investigated  during  this  contract 
have  fluctuations  with  Fourier  components  concentrated  in  the  lO-to-100  kHz 
range,  the  resulting  noise  in  the  active  component  of  an  oscillator  circuit  is 
likely  to  be  upconverted  to  produce  FM  noise  in  the  microwave  range. 

1 . 2 Summary  of  Research  Findings 

In  the  earlier  phase  of  this  contract,  a novel  DLTS  technique  using 
current  transients  was  used  to  detect  traps  and  measure  their  energy  levels 
directly  upon  FET's.  However,  the  complex  interactions  in  the  three- 
terminal  device  made  it  difficult  to  interpret  these  measurements.  Therefore, 

7 

a DLTS  system,  similar  to  Lang' s system,  was  constructed  for  pulsed 
capacitance  measurements.  The  basis  of  Lsuig' s methods  is  derived  in 
Sec.  2,  and  our  equipment  is  described  and  a circuit  diagram  shown.  Two 
new  formulas  which  provide  a convenient  approximation  for  adapting  the 
basic  technique  to  semiconductors  with  nonuniform  doping  are  also  derived. 

The  equipment  was  first  applied  to  Schottky  barrier  smd  n^pp^  diodes. 
Although  the  standard  Lang  technique  requires  at  least  two  temperature 
sweeps  to  calculate  the  trap  cross  section  and  energy  level,  a calculation  is 
described  in  Sec.  3 which  determines  these  parameters  and  generates  a num- 
ber of  secondary  data  points  from  a single  curve,  provided  the  base  line  of 
the  DLTS  curve  can  be  determined.  In  our  measurements  we  were  attempting 
to  detect  the  traps  which  existed  in  the  best  device-grade  GaAs  without  in- 
tentionally introducing  extraneous  impurites,  so  that  we  were  usually  attempt- 
ing to  measure  low  trap  densities.  In  a Read  IMPATT  diode,  a trap  density 
of  7 X 10  cm  was  detected  in  the  drift  region  close  to  the  Read  spike. 
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The  energy  level  of  this  trap  was  0.  34  eV  below  the  conduction  band,  which 

0 

was  close  to  values  for  a previously  measured  trap  level.  We  were  among 

the  first  experimenters  to  take  measurements  in  p-GaAs,  and,  in  the  n^pp^ 

diode,  we  detected  a fap  0.45  eV  above  that  valence  band  which  had  been  de- 

9 10 

tected  earlier  as  a minority  carrier  trap  in  n -material  ’ and  attributed  to 
a copper  impurity. 

.Applying  Lang’ s method  to  Ga.As  grown  on  semi-insulating  substrates 
required  growing  special  low-doped  test  wafers  and  the  fabrication  of  fat 
FET' s.  -An  electron  trap  0.85  eV  below  the  conduction  band  was  detected 

which  coincides  with  a previously  detected  trap  attributed  to  oxygen  con- 
0 

tamination.  In  addition,  an  anomalous  signal  was  detected  which  was 
qualitatively  different  from  previously  detected  signals  from  bulk  traps. 

In  addition  to  characteristics  described  further  in  Sec.  4,  the  new  signature 

was  distinguished  from  bulk  traps  because  it  not  only  produced  peaks  which 

had  the  opposite  sign  from  the  bulk  trap  signatures,  but  it  also  gave  a strong 

signal  for  a "reverse"  pulse  under  conditions  in  which  bulk  traps  produce 

no  response  to  such  a pulse.  This  signature  appears  to  be  caused  by  surface 

state.s  at  the  interface  between  the  GaAs  and  the  metallic  gate.  \ 

I 

I 

.Measurements  were  also  made  on  normal  FET  wafers  with  active  , 

laver  doping  on  the  order  of  1 X 10^  ‘ cm  , as  described  in  Sec.  5.  A theo- 
retical model  of  the  surface  states  is  put  forward  in  Sec.  6.  As  a by-product  i 

of  this  model,  some  quantitative  calculations  are  given  to  illustrate  Cowley 
1112 

and  Sze’ s model  ’ which  describes  the  Fermi  level  pinning  at  a Schottky  j 

barrier.  These  calculations  determine  a built-in  potential  which  does  not  | 

vary  significantly  from  0.85  V for  different  metals  and  for  different  reverse  | 

biases,  so  that  they  are  consistent  with  experimental  measurements. 

Section  7 gives  detailed  description  of  a growth  method  and  a fabri- 
cation technique  for  producing  FET' s with  a minimum  effect  due  to  traps. 

These  FET' s are  distinguished  by  a buffer  layer  which  prevents  impurities 
such  as  chromium  from  diffusing  into  the  thin  active  layer  and  to  the  surface. 

These  FET' s are  fabricated  with  a recessed  gate  which  keeps  the  surface 
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area  between  gate  and  drain,  which  may  have  surface  states  and  an  associated 
depletion  layer,  remote  from  the  conducting  channel. 

In  Sec.  8,  I-V  measurements  on  FET'  s are  described  which  8u:e  taken 
both  in  a steady  state  and  immediately  after  pulsing  the  gate  or  the  drain. 

For  Eui  unbuffered  device,  there  is  a large  difference  between  the  pulsed  drain 
curves  and  the  DC  curves.  A computer  model  of  a FET  with  transients  due  to 
bulk  traps  is  described  along  with  results  that  show  that  the  measured  effects 
are  too  large  to  be  explained  by  bulk  traps  and  are  therefore  undoubtedly  due 
to  surface  states.  These  transient  changes  are  found  to  be  greatly  reduced 
on  devices  grown  with  a buffer  layer  and  almost  completely  eliminated  when 
an  n^  contact  layer  is  present  beneath  the  gate  and  drain.  A consistent  study 
of  the  noise  chau’acteristics  of  these  devices  and  their  relationship  to  the  bulk 
and  surface  traps  described  in  this  report  would  produce  information  which 
might  lead  to  even  further  improvement  of  these  low -noise  devices. 
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DETECTION  OF  TRAPS  BY  THE  PULSED  CAPACITANCE  METHOD 


In  this  section,  we  describe  the  pulsed  capacitance  method  derived 
by  Lang  and  the  behavior  of  traps  in  the  semiconductor  material.  One  of 
the  objectives  will  be  to  introduce  some  conventions  and  nomenclature  which 
are  needed  in  this  report.  For  completeness  we  will  repeat  some  of  the 
arguments  given  elsewhere,  and  in  particular  in  Lang' s original  paper.  We 
will  discuss  our  experimental  setup,  and  give  a few  formulas  and  interpreta- 
tions which  have  not  previously  been  published.  In  particular,  we  will  derive 
approximate  formulas  for  trap  density  which  prove  useful  for  semiconductors 
with  large  changes  in  doping  level,  such  as  occur  in  buffered  FET' s. 

2.  1 Review  of  the  DLTS  Technique 

The  basic  experimental  procedure  is  to  pulse  a Schottky  barrier  or 
p-n  junction  to  a voltage  Vp  for  a time  Tp,  where  Tp  is  generally  long  enough 
for  any  trap  transients  to  settle  down.  Next,  the  bias  is  suddenly  changed  to 
Vp  and  the  capacitance  is  measured  after  times  tj  and  Our  experiments 
have  always  used  reverse  biases,  so  that  we  will  use  the  convention  that 
reverse  bias  Vp  and  Vp  are  considered  positive. 

After  the  voltage  is  suddenly  changed  to  Vp,  the  capacitance  can  be 
written  as 

C(t)  = Cp  - AC  f(t)  , (1) 

where  f(t)  = 1 for  t = 0 and  f(t)  — *0  as  t — *oo.  In  fact,  f(t)  can  almost  always 
be  taken  as 

f(t)  = , (2) 

where  the  trap  decay  time  t is  a function  of  temperature. 

The  DLT.S  technique  measures  the  sampled  values  of  Cdg)  - C(tj) 

(the  negative  of  Lang' s convention)  where  boxcar  integrators  are  used  to 
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obtain  averaged  values  over  many  pulses  while  the  temperature  Is  slowly 
swept  from  about  90* K to  475* K.  In  this  range  the  temperature  limits  are 
close  to  the  boiling  point  of  N2  and  the  melting  point  of  the  diode  solder. 

For  bulk  traps,  AC  Is  positive  and  we  use  what  Lsmg  calls  a majority 
carrier  pulse  with  Vp  < Vg  , which  we  shall  call  a set  pulse.  When  Vp<  V^, 
we  refer  to  the  pulse  as  a reverse  pulse.  No  response  is  observed  from  a 
bulk  trap  after  a reverse  pulse,  although  during  this  contract,  we  have  also 
detected  surface  traps  which  respond  to  reverse  pulses  and  have  a negative 
AC. 


The  behavior  of  the  signature  C(t2)  - C(tj)  can  be  understood  from  the 
diagram  in  Fig.  1.  At  low  temperature  t is  large  suid  the  capacitance  does 
not  have  time  to  change  in  time  so  the  signal  is  weak.  However,  at  high 
temperatures,  the  transient  is  over  before  time  t^.  Thus,  the  maximum 
response  will  come  at  a temperature  where  t is  between  tj  and  tg. 

To  make  this  specific,  assume  f(t)  is  exponential  as  in  Eq.  (2),  so 

that 


CItg)  - C(tj) 


S(tj.  t)  AC 


where 


S 


(3) 


(4) 


It  is  convenient  to  run  experiments  with  x = t^/  tj  fixed  for  a series 

of  measurements.  At  the  temperature  T where  the  signature  is  maximum 

m 8x 

’’m  ■ . (5) 

SO  that  each  temperature  gives  one  data  pair  ( 

AC  = ( , (6) 
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where 
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max 
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X 


X _ X 


(7) 


To  separate  two  signatures  and  efficiently,  the  second  derivative 
of  S(t)  should  be  large  and  negative  near  t 

lYl 

Now 

1 

= t (in  x)^  (x-l)"^  , (8) 

a -r  ^ 

where  the  second  derivative  in  Eq.  (8)  is  evaluated  at  t . For  fixed  t-  , 
the  maximum  value  of  Eq,  (8)  occurs  when  x = 2.  14.  Efficient  separation 
requires  a large  value  of  S"/S,  but  the  signal  S becomes  seriously  weakened 
if  X is  decreased  too  far.  A numerical  check  was  made  by  assuming 

8230/ T 

Tj  = 2.  3 XlO"  e , (9a) 

and 

10320/ T 

Tg  = 5. 7X10"  e , (9b) 

while  the  strength  of  the  second  trap  was  taken  to  be  10  percent  of  the  first, 
so  that  the  transient  response  was 

-t/r.  -t/T 

G(t)  = e ^ + 0.  1 e ^ . (10) 

Here  Eq.  (9)  describes  the  temperature  behavior  of  two  traps  identified  in 

2 

Table  III  of  our  interim  report.  The  signatures  for  x = 10  and  x = 2.  25  are 
shown  in  Fig.  2. 

For  X = 10,  the  peak  response  for  trap  2 should  occur  at  the  location 
of  the  arrow  at  T = 414*K,  but  it  is  completely  swamped  by  the  signal  from 
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Figure  2 


DLTS  Response  versus  Temperature  for  t\  and  t 
different  Values  for  x. 
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the  stronger  trap.  In  contrast,  the  value  x = 2.  25  was  used  in  the  bottom 
half  of  Fig.  2,  and  the  signal  from  trap  2,  which  should  occur  at  T = 430*K, 
is  easily  identified  as  a secondary  maximum. 


t- 


The  smaller  value  of  x would  be  advantageous  in  the  absence  of  noise, 
but  the  amplitude  of  the  signal  increases  monotomically  with  x,  and  this 
factor  becomes  important  in  noise-limited  signatures.  According  to  Eq.  (7), 
the  amplitude  is  reduced  by  a factor  0.417  when  y decreases  from  10  to 
2.  25  and  the  scales  on  the  ordinates  of  Fig.  2 have  been  normalized  to  this 
quantity.  In  our  measurements  we  have  taken  x = 5 as  a reasonable  com- 
promise, instead  of  the  value  x = 10  used  by  Lang.  In  special  experiments 
we  occasionally  reduced  the  ratio  to  x = 2 or  2.  5 when  further  discrimination 
appeared  useful. 

Strictly  speaking,  the  formulas  in  Eqs.  (5)  and  (7)  are  based  on  the 
assumption  of  Eq.  (2)  that  f(t)  is  an  exponential.  It  is  instructive  to  see  that 
these  results  are  not  changed  drastically  if  f(t)  is  some  other  function,  pro- 
vided that  it  has  a well-defined  delay  time,  as  shown  in  Table  I. 


TABLE  I 


f(t) 

e 

e 


T / t 

max  1 

Value  for 

X = 5 

s 

max 

Value  for 
x = 5 

x-1 
i nx 

2.  49 

1 X 

y^ - X ^ 

. 53  5 

/ 2 1 
/x  -1 

^ rrrnr 

2.  73 

2 j?  n X 2x2j(!  nx 

l-x2  1-x^ 

e - e 

. 839 

2.  24 

y - 1 
x + 1 

. 667 

2.  2 Transients  in  Trap  Occupancy 


If  f is  the  fraction  of  deep-level  states  which  are  occupied 


9f 


n + e 
n p 


(e  + e + n c-  + p < )f 
n p n ^ p 


(11) 


where  e and  e are  the  emission  rates  for  holes  and  electrons,  n is  the 
n p 


free  electron  density  and  c^,  the  electron  capture  rate,  equals  v, 


th  ""n’ 


where  a is  the  cross-section  and  v 

t1/2" 


is  the  thermal  velocity,  proportional 


to 


Electron  traps  are  defined  as  traps  for  which  e^  » e^  and 
c^  » Cp,  and,  in  the  derivations  of  Sec.  2,  we  will  assume  that  these  re- 


lationships hold  and  also  that  the  GaAs  is  an  n -semiconductor  so  that  the 
electron  traps  cu-e  majority  carrier  traps.  The  analysis  of  hole  traps  in 
p-material  is  completely  analogous. 


In  equilibrium,  the  detailed  balance  condition  requires  the  rate  at 
which  electrons  are  captured  from  the  conduction  band  to  equal  the  rate  at 


which  trapped  electrons  are  emitted,  i.  e.  , n^c^(l-f) 


f e must  hold, 
on 

where  n = n exp  ((E.-E  )/  kT)  and  f = (1  + g exp  ((E. -E.)/  kT)~  are 
o etc'  o ®^tf' 


equilibrium  values,  and  n^  is  the  effective  density  of  states  in  the  conduction 


band.  It  follows  that 


e = 
n 


v^  oN^g  exp  ((E^-E^)/kT) 


(12) 


Since  a may  have  the  form  exp  (-E^/kT),  i.  e.  , the  cross-section  may 
have  an  activation  energy,  and  since  E^  - E^  is  found  experimentally  to 
be  a linear  function  of  temperature,  these  are  some  subtleties  in  this 


formula.  Nevertheless,  as  shown  in  Ref.  8,  e^  can  be  written  as 


e =10  T^  exp  - (E  /kT) 
n n na  ^ na' 


(13) 


and  respectively,  are  an  effective  cross  section  and  an 


where 

effective  "energy  " below  the  conduction  band.  These  parameters  identify 
a particular  trap  level  by  its  transient  behavi-)r,  and  in  this  report  we  will 
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understand  cross  section  and  energy  below  the  conduction  band  in  this  sense. 

20  -2  -1  -2 

In  Eq.  (13),  is  a constant  equal  to  2.28  X 10  cm  sec  "K  for  GaAs. 

A similar  equation  holds  for  hole  traps  where  E is  an  energy  above  the 

2iP®  -2  -1  ■‘2 

valence  band  and  the  constant  is  = 1.  7 x 10  cm  s °K  . 

In  the  depletion  layer  where  n is  small,  the  solution  of  Eq.  (11)  is 
f = , (14) 

where  the  trap  is  assumed  full,  i.  e.  , f = 1 , at  t = 0 and 

T ^ e = A (300/ T^)  exp  (E  /kT)  , (15) 

11  ria 

where  A = 4.9xl0~^®/a 

' na 

The  behavior  of  a Schottky  diode  during  a DLTS  pulse  can  now  be 
seen  schematically  in  Fig.  3.  During  the  set  pulse,  the  electrons  are  pulled 
into  the  boundary  of  the  depletion  layer  and  the  traps  are  filled  beyond  the 
point  X = Xp  - \ , where  \ is  the  small  distance  from  the  edge  of  the 
depletion  layer  to  the  point  where  the  trap  energy  crosses  the  Fermi  level. 

After  the  time  t^,  the  depletion  layer  jumps  out  to  x(t),  which  is  beyond  the 
steady-state  position  Xg  because  traps  between  Xp  - Xp  and  Xg  - Xg  remain 
filled  for  a time  with  an  occupancy  factor  satisfying  Eq.  (14)  and  therefore 
the  measured  capacitance  satisfies  Eq.  (1),  under  the  assumption  that  the 
trap  density  N.j,  is  small  compared  to  the  doping  density  Ng. 

We  are  now  in  a position  to  check  if  the  time  behavior  of  the  transient 
capacitance  is  consistent  with  the  exponential  decay  of  Eq.  (14)  with  the 
decay  time  given  by  Eq.  (15).  Figure  4 shows  an  experimental  curve  taken 
on  an  n pp  diode,  which  will  be  discussed  further  in  the  next  section. 

From  four  DLTS  temperature  sweeps,  we  obtained  a least-squares  fit  to 
Eq.  (15)  with  A = 3.  24  X 10  and  E^^  = 0.  52  eV.  The  straight  line  was 
drawn  at  the  apparent  baseline,  and  the  height  to  the  maximum  value  for  i 

signature,  at  T = 294  "K,  was  measured  as  Z.  The  rest  of  the  curve  was 
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Fifjure  3 Schematic  Diagram  of  the  Movement  of  the  Depletion 

Layer  and  the  Trap  Occupancy  during  a DLTS  "Set”  Pulse 
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Figure  4 The  Solid  Curve  is  Experimental  Data  which  is  nearly 
Identical  to  the  Dashed  Curve  passing  through  the  Open 
Circles  Calculated  Numerically  from  the  Theory  of  a 
DLTS  Signal  from  a Single  Bulk  Electron  Trap.  The 
maximum  amplitude  of  the  dashed  curve  is  arbitrarily 
teiken  equal  to  the  maximum  amplitude  of  the  theoretical 
curve.  The  trap  is  identified  later  with  copper  contam- 
ination of  p-GaAs. 
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now  calculated  as  Z T)/  S and  indicated  by  the  open  circles 

1 in  a X 

the  figure,  where  S = 0.  326  is  found  from  Eq.  (7)  with  x = 2.5,  and  S 
is  determined  from  Eqs.  (4)  and  (15)  using  the  values  for  A and  and  the 

experimental  times  tj  = 20  and  - 50.  The  dashed  curve  connecting  the 
open  circles  agrees  closely  with  the  experimental  curve,  which  gives  a direct 
verification  of  the  correctness  of  the  theoretical  assumption  leading  to 
Eqs.  (13)  and  (1),  at  least  for  this  particular  trap. 

A distribution  of  trap  states  which  are  uniformly  distributed  over  a 
range  of  energy  A E is  of  considerable  interest  because  such  a distribution 
of  surface  states  has  sometimes  been  suggested  as  a source  of  1 / f noise. 

The  DLTS  spectra  in  Fig.  5 were  calculated  with  the  aid  of  a computer 
program  under  the  assumption  that  a uniform  distribution  of  trap  states 
centered  at  0.  58  eV  existed.  The  decay  periods,  as  a function  of  energy 

_ 1 o 2 

level,  were  taken  as  t = 5.49  X 10  (300/  T)  exp  E/  kT  so  that  the  response 

was  given  by 

0.  58  + 1/2  AE 

I S(tj,t2.  t(E))  dE 

0.  58-1/  2 AE 

As  shown  in  Fig.  5,  the  maximum  amplitude  for  AE  = 0.  17  eV  is 
less  than  one-half  of  the  maximum  response  for  a single  trap  state.  The 
signatures  are  much  broader  with  a distribution  of  states  than  with  a single 
state,  but  the  maxima  are  at  almost  the  same  temperature  as  for  a single 
state.  When  the  range  of  AE  is  extended  to  0.  52  eV,  the  signature  is  flat 
over  a large  range  of  temperatures  with  no  distinguished  maxima,  as  shown 
by  the  bottom  curve  in  Fig.  5,  and  the  amplitude  is  essentially  the  same  for 
tj  lOxisec  and  for  tj  = 80  usee. 

2.  3 Profiles  of  the  Trap  Density 

Many  wafers  that  we  have  investigated  are  nonuniformly  doped  with 
buffer  regions  with  doping  orders  of  magnitude  below  the  active  layer.  The 
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Figure  5 Comparison  of  DLTS  Signatures  from  a Single  Trap  Level  with  Signatures 
from  a Distribution  of  Traps  Distributed  Uniformly  over  an  Energy  Range 
AE  and  Centered  at  0.  58  eV.  The  ratio  t2/ tj  is  5 for  all  curves. 


situation  during  a "set"  pulse  is  shown  in  Fig.  6,  where  the  depletion  layer 

is  at  X during  T . The  trap  level  crosses  the  Fermi  level  at  x „ - \ so 
p p P P 

that 


+ V = — 


X - \ 

P P 


N dx  + ^ 


xN(l-6)dx 


X - V 
P P 


where  N = + N.j,  is  the  sum  of  the  donor  states  plus  the  trap  states  and 

N.J.  = 6 N. 


Now  let  the  voltage  change  to  so  that  the  depletion  layer  jumps 
out  to  x„  + Ax.  We  will  take  account  of  the  variation  in  N(x),  but  we  will 

O 

assume  that  the  fraction  of  trap  states  6 remains  constant.  Then,  before 
the  trap  states  have  had  a chance  to  empty,  the  total  charge  outside  Xp  - \ p 
remains  constant,  so  that 


Xb  + Ax 


Vb  - Vp  = (q/e)  (1-6)  J 


xNdx 


but  after  the  traps  have  emptied  and  the  depletion  layer  moves  back  to  Xg, 


Vg-V  =(q/t)  « y 


’'b  "^b 


xNdx  + 


xNdx 


x_  -\_ 
P P 


xNdx 


’^B'^B 


Substituting  Eq.  (17)  into  Eq.  (18)  yields 
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Fifjure  6 Schematic  l^lagram  of  Depletion  Layer  Positions  during  a 
Sot  Pulse.  When  the  reverse  bias  switches  from  to  Vj^, 
the  dople'lon  layer  moves  from  Xp  to  + Ax  and  tAon 
slowly  settles  back  to  the  equlllbiMum  position  at  Xj^. 
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xNdx 
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xNdx  - f>  J xNdx 

y - \ 

P P 


where  the  integrals  are  all  taken  over  a small  Interval  so  that  the  function  N 
can  he  taken  outside  the  integral  sign.  The  last  two  integrals  then  become 


q (1-6) 


which  can  usually  be  neglected.  Here  q V.j,  - b’.j,,  where  K.j.  is  the 

/2f  V,j, 

trap  energy  level  and  ^ ^ ^ ^ ^ — j-  • Neglecting  the  last  tw'o  ilntegrals  In 

Kq.  (IP),  it  becomes 


S <I  N (x„) 

' I^'b  - 


Expressing  Xj^  and  in  terms  of  and  A (\  and  assuming 
6 « I and  A C « C gives 

. e q N(xj,)  ^ 

^ • — V — — — r ^ 

Ml  \ C,/ 


Equation  (21)  is  the  basic  equation  for  our  profiling.  In  the  case  where 

N,  as  well  as  6,  is  essentially  constant  between  x and  x,,,  we  can  derive  the 

p H 

equation 


10 


2(V3+Vg^)AC 


(22) 


I 


which  often  proves  to  be  useful,  because  A does  not  have  to  be  determined. 

If  Vg  is  large  compared  with  Vgj  and  V^,  Eq.  (22)  simplifies  to 

6=2  AC/Cg  , (23) 

7 14 

which  corresponds  to  Lang’s  Eq.  (3).  Elsewhere,  Lang  has  suggested  an 
empirical  variation  of  Eq,  (23)  which  is  50  percent  larger. 

It  should  be  noted  that  AC  has  been  defined  as  the  absolute  magnitude 
of  the  capacitance  deviation  at  time  zero,  as  indicated  in  Eq.  (1).  The  DLTS 
temperature  sweep  measures  Citg)  ~ C(tj)  as  a function  of  temperature.  For 
any  DLTS  temperature  sweep,  the  maximum  value  of  Cftg)  - C(tj),  which  is 
measured  experimentally  with  the  calibrated  DLTS  equipment,  determines 
AC  from  the  equation 

rc  (t„)  - C (t,)"!  = AC  S = 0.535AC  , (24) 

L 2 1 J max  max 

where  the  numerical  value  is  for  the  particular  case  where  x = tg/  tj  = 5. 

Strictly  speaking,  the  time  behavior  of  the  capacitance  decay  is  not 
an  exponential  function  of  time,  even  when  the  trap  occupancy  function  decays 
exponentially.  However,  if  Ax  in  Fig.  3 is  small  compared  to  Xg  - Xp  in  a 
set  pulse  and  if  N.^,  « Ng,  the  function  f(t)  in  Eq,  (1)  is  the  same  as  the  trap 
occupsmcy  function  f(t)  in  Eq.  (14). 

2.  4 Design  of  the  DLTS  Equipment 

The  basic  circuit  for  the  capacitance  measurement  is  shown  in 
Fig.  7.  In  this  circuit,  Cg  is  the  capacitance  of  the  device  to  be  measured, 
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and  C is  a comparison  capacitsmce  of  a magnitude  which  reduces  the  phase 
difference  of  the  two  branches  of  the  circuit  to  a value  near  zero. 


The  circuit  branch  containing  introduces  a phase  difference  6 

between  V.  and  V The  calculated  values  of  d are  shown  in  Fig.  8 for 
In  out 

blocking  capacitance  values  of  1 and  10-  The  rf  drive  has  a frequency  of 
50  MHz,  which  is  large  enough  to  allow  response  times  on  the  order  of 
1 usee.  The  voltage  change  to  the  x-y  recorder  is  proportional  to 
AO  = X ACp/Cp  when  the  diode  undergoes  a small  capacitance  change 
from  Cp  to  Cp  + AC^.  The  values  of  y , expressed  in  the  radians,  were 
also  calculated  and  plotted  in  Fig.  8. 


The  output  of  the  phase  detector  is  amplified  and  can  be  read  through 
two  boxcar  integrators  with  delay  times  tj  and  t2>  read  directly 

on  an  oscilloscope. 

The  sensitivity  of  the  circuitry  was  calibrated  by  varying  the  reverse 
bias  on  a typical  device.  No.  930,  whose  capacitance  curve  as  a function  of 
bias,  C(V),  was  known.  The  output  is  introduced  into  the  measuring  arm 
of  the  phase-sensitive  detector  shown  in  Fig.  7.  Figure  9b  shows  the 
alternating  capacitance  measured  when  a small  alternating  bias  voltage, 
shown  in  Fig.  9a,  was  added  to  a fixed  dc  bias  of  35  volts.  A measurement 
of  the  capacitance  response  to  a step  jump  in  the  bias  voltage  is  shown  in 
Fig.  10b.  The  amplified  version  of  the  trace,  shown  in  Fig.  10c,  shows  a 
fast  response  in  the  measured  capacitance,  with  no  noticeable  transient 
behavior. 

Both  the  pulsed  and  step  methods  of  calibration  indicated  a sensitivity 
of  0.4  pf/  volt  at  the  input  of  the  boxcar -Integrator  x-y-recorder  combination. 
A noise-limited  sensitivity  was  measured  at  0.004  pf/  cm  for  small  variations 
about  a device  capacitance  of  10  pf. 
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Figure  8 Plot  of  0,  the  Phase  Change  ( in  degrees)  Induced  bv  the.Device 
Capacitance  C^,  and  the  differential  phase  change  (in  radians) 
caused  by  a fractional  change  AC^I  C^  in  the  device  capacitanc 
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Figure- 9 Cyclical  licspoiisc  of  IVlcasurcd  Capacitance  due  to  a lOOHz  rf 
voltage  imposed  on  a 95  volt  reverse-biased  diode 

a)  2-volt  p-p  input  voltage 

b)  capacitance  signal  recovered  from  phase  detector  prior  to 
processing  (0.04  pf/  div.) 
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3.0  DETECTION  OF  TRAPS  IN  N-  AND  P-GaAs  GROWN  ON  CONDUCTING 
SUBSTRATES 

A number  of  attempts  were  made  to  measure  traps  on  GaAs  epitaxy 
grown  on  n^^  conducting  substrates.  None  of  these  samples  had  been  de- 
liberately contaminated  with  chemical  impurities  to  produce  trap  states. 

On  the  contrary,  the  material  had  been  grown  by  techniques  designed  to 
produce  high-quality  IMPATT  diodes.  In  these  experiments  we  looked  at 
material  grown  on  Te-doped  substrates.  We  suspected,  and  have  verified 
by  the  lack  of  detectable  trap  levels  in  most  of  these  experiments,  that 
Te-doped  GaAs  is  relatively  free  of  undesired  impurities.  The  semi- 
insulating  substrates  used  for  FET  material  growth  appear  to  contain  higher 
impurity  levels. 

The  measurements  on  Te-doped  substrates  provide  added  confidence 

that  the  intrinsic  vapor  growth  process  does  not  provide  significant  densities  I 

of  traps.  The  most  likely  conditions  for  producing  traps  in  VPE  are  when 

sudden  changes  are  made  in  the  growth  conditions  such  as  occur  when  doping 

rates  are  drastically  increased  so  as  to  produce  a Read  spike.  A level  of 
13-3 

traps  below  the  10  cm  level  was,  in  fact,  detected  near  the  Read  spike  of 
C-band  diode  No.  904  as  described  below.  A much  larger  density  of  traps 

was  found  in  an  n^pp^  wafer.  j 

I 

t 

I 

3.  1 The  Concept  of  Secondary  Data  Points  from  DLTS  Curves 

Bulk  traps  are  analyzed  by  assuming  their  decay  period  satisfies  an 
equation  such  as 

T = A (300/ T)^  exp  (E^^/ kT)  . (25) 

i 

\ 

From  each  temperature  sweep  in  the  DLTS  method,  one  data  point  1 

is  obtained,  i.  e.  , the  temperature  at  the  peak  of  the  curve  corresponds  to  | 

a decay  period  = (tg-tjl/i  n (tg/  tj),  where  tj  and  t2  are  DLTS  measure- 
ment times.  To  determine  A and  E^^  experimentally  in  Eq.  (25)  will  require  | 

at  least  two  curves,  and  more  if  a least-squares  fit  is  desired. 
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Here  we  want  to  describe  how  a number  of  secondary  data  points  can 
be  obtained  from  a sin^^fle  DLTS  sweep  if  a base  line  can  be  determined,  so 
that  we  can  measure  the  temperatures  at  which  the  signal  equals  a times  the 
peak  signal,  where  o is  some  number  between  0 and  1.  We  now  determine 
mathematically  the  value  r - f ^ at  the  point  where  the  signal  is  proportional 
to  Q times  the  maximum  signal.  This  value  of  satisfies 


where 


S(T^)  = 


s 

max 


e - e 


■xt,/ 


'A 


a 


S 


max 


A solution  to  this  equation  can  be  found  such  that  t^/  is  a function 
of  Q smd  X = *]•  The  numerical  values  of  these  solutions  sme  given  in 

Table  II  for  x = 2.  5 and  x = 5,  two  values  of  x that  we  have  used  in  our 
experiments. 


TABLE  II 


DECAY  PERIODS  FOR  SECONDARY  DATA  POINTS 


a 

X = 2.5 

X = 5 

T / T 

A'  m 

H 

> 

H 

3 

. 25 

10.  1285, 

10.7672 

.50 

4.4270 

4. 6690 

.75 

■ 2.4302 

2.5325 

.9 

1 . 6665 

1. 7147 

1.0 

1.0 

1.0 

.9 

. 64053 

. 61392 

. 75 

.49254 

.45538 

.5 

.35143 

.30634 

. 25 

. 24596 

.20003 

27 


L 


The  successive  values  of  o in  Table  II  correspond  to  increasing 
temperatures. 

3. 2 Traps  Near  the  Read  Spike  of  a C-Band  IMPATT  Diode 

As  an  example  of  the  use  of  Table  II,  we  consider  the  four  DLTS 
curves  in  Fig.  11  which  were  measured  in  diode  No.  904,  a C-bajid  Read 
IMPATT  diode  grown  on  a Te-doped  substrate.  Curves  1 and  4 each  have 
six  secondary  data  points  marked  on  them  for  a = 0.  5,  0.  75,  suid  0.  9, 
where  each  value  occurs  on  both  the  high  and  low  temperature  side  of  the 
peak.  For  example,  in  curve  1 the  peak  value  occurs  at  244'’K  where 
T =199  nsec  since  x = 5 and  t,  = 80  ysec,  so  that  the  pair  of  values  con- 
stitute  a principal  DLTS  data  point.  The  first  secondary  point  marked  on 
curve  1,  for  o - 0.  5,  occurs  at  T = 222 °K  where,  from  Table  II, 

= 199  usee  X 4.  669  = 928  usee.  In  this  manner,  from  the  points  marked 
on  curves  1 and  4 obtain  12  secondary  data  points  and  4 primary  data 
points  from  the  peaks  of  the  two  curves.  These  points  are  listed  in  Table  III 
and  are  marked  on  the  lower  curve  in  Fig.  12  (except  for  the  two  highest 
temperature  secondary  points  on  curve  4,  which  fall  below  the  bottom  of  the 
Fig.  1).  A least-squsLres  fit  to  these  16  points,  assuming  t satisfies  the 
usual  exponential  equation  (Eq.  (15),  gave  the  straight  line  in  Fig.  12,  with 


E = 0.  34  eV 

na 


and 


(26) 


A = 1.2X10 


-11 


where  the  root  mean  square  error  in  this  fit  was  10  percent.  The  secondary 
points  in  Fig.  12  appear  to  be  as  accurate  as  the  primary  points,  Piid  they 
extend  the  range  of  our  measurements  considerably.  The  value  of  A corres- 
ponds to  a cross  section  a, 


na 


= 4 X 10  ^ ^ cm^. 


These  values  for  E and 
na 


a are  reasonably  close  to  two  electron  traps  reported  in  the  literature: 

-15  2 

one  at  0.  30  eV  with  a cross  section  of  7.  2 X 10  cm  is  labeled  ELT  in 
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Figure  11  Four  DLTS  Temperature  Sweeps  used  to  Obtain  the  Activation  Energy  of  an 
Electron  Trap  near  the  Doping  Spike  in  a C-Band  IMPATT  Diode. 
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The  Lower  Curve  is  Obtained  by  a Least-Squares  Fit  to 
the  DLTS  Signatures  in  Fig.  11.  The  four  primary  data 
points  and  twelve  secondary  points  in  Table  III  were  used. 
The  upper  straight  line,  corresponding  to  a hole  trap  in 
p material,  was  obtained  by  a least-squares  fit  to  40  data 
points,  either  primary  or  secondary  data  points  obtained 
from  the  curves  in  Fig.  14.  Several  points  used  in  the 
least-squares  fit  fell  below  the  bottom  of  the  graph,  such 
as  a primary  data  point  for  the  hole  trap  which  corres- 
ponded to  T = SIS'K  and  t = 6.  6 /us. 
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Ref.  8,  while  the  other,  with  an  activation  energy  of  0.  36  eV  and  a cross 
section  of  5.  9 X 10  cm^,  is  labeled  by  Wada,  et  al. 


TABLE  in 


DATA  POINTS  FOR  ELECTRON  TRAP  IN  C-BAND  DIODE 


T emperature 
“K 

Decay 
Period  (us) 

Curve 

No. 

Percent 

Error* 

Primary 

Data 

Point 

293 

7.  6 

4 

-12 

287 

11.3 

4 

- 8 

281 

15.  3 

4 

- 9 

274 

25 

4 

-.  2 

Yes 

264 

43 

4 

- 6 

258 

63 

4 

- 7 

248 

116 

4 

-15 

263 

61 

1 

1 9 

2 57 

91 

1 

16 

252 

122 

1 

18 

244 

199 

1 

8 

Yes 

237 

341 

1 

4 

231 

504 

1 

- 4 

222 

928 

1 

-20 

254 

99 

2 

7 

Yes 

263 

50 

3 

- 2 

Yes 

Relative  to  least-squares  analytical  formula. 

For  the  curves  in  Fig.  10,  the  set  pulse  had  Vg  = 20  sind  = 10, 
which  results  in  moving  the  depletion  region  over  the  Read  spike  and  into 
the  drift  region.  At  the  point  x„,  the  shallow  donor  density  is 

12*3 

2 X 10  cm  . The  trap  density  indicated  by  Fig.  11  is  only  7 X 10  cm  , 
which  is  low  enough  so  that  it  should  not  affect  the  performance  of  the  diode. 
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3.  3 Trapa  in  an  n^pp^  Diode 

Few  experiments  have  been  rarried  out  on  p-GaAs  except  those  of 
Hasegawa  and  Majcrfeld^  who  measured  slow  decay  periods  on  the  order 
of  seconds,  while  we  have  measured  periods  as  short  as  ten  microseconds. 

In  our  experiments,  large  trapping  densities  were  detected  in  an  n^pp  diode. 
This  diode  had  the  n^  contact  deposited  on  the  p-GaAs  by  silicon  ion  implanta- 
tion at  two  different  energies:  implantation  at  200  keV  produced  a surface 

13-2  14- 

density  of  8 X 10  ' cm  , while  an  additional  surface  density  of  1.3  x 10  cm 

was  implanted  at  400  keV.  If  these  impurities  are  due  to  diffusion  out  of  the 

p^  substrate,  it  illustrates  the  wisdom  of  growing  double-drift  diodes  on  n^ 

substrates. 


_2 

Figure  13  shows  C and  C as  a function  of  bias  voltage  as  measured 

experimentally  from  the  n^pp^  device,  which  consists  of  four  10-mil  mesas, 

-3  2 

so  that  the  effective  area  is  2 X 10  ' cm  . The  steady-state  acceptor  doping 
as  a function  of  distance  from  the  junction  was  calculated,  as  shown  in  the 
insert.  A selection  of  the  numerical  data  printed  out  by  the  computer  program 
profile  is  shown  in  Table  IV,  including  Q,  the  total  space  charge  per  unit 
area  uncovered  by  the  depletion  zone  for  a reverse  bias  With  the  aid  of 

this  data,  we  know  the  steady-state  capacitance  and  Xj^,  the  depth  to  which 
we  are  probing  for  an  applied  reverse  bias  Vj^. 


TAIII.E  IV 

STEADY  STATE  DlSTKinu  riONS  IN  THE  N'*^PP'*'  DIODE 


* H 

f^A 

(cm'^) 

Q 

(volts) 

(pf) 

(um) 

(C/  cm'^) 

0 

16.8 

1. 33 

1. 8 X 10^ 

-1.  5 X 10"^ 

1.05 

13.  6 

1.  65 

1 5 

1.4  X 10*' 

-2.  3 X 10"^ 

4.01 

10.  1 

2.  21 

1 5 

2.  1 X 10  ' 

-4.  0 X 10‘® 

20.4 

6.4 

3.  52 

1 5 

4.2  X 10  ' 

-1.0  X 10"^ 

51.  5 

5.  2 

4.  35 

1.  1 X 10^^ 

-1.9  X lO""^ 
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Nine  DLTS  curves  are  shown  in  Fig.  14.  Since  x = 2.  5,  the  re- 
laxation periods  are  t=  1.637  tj , so  that  the  curve  peaking  at  318°K  indicates 
a relaxation  time  of  6.  6 psec  at  that  tempv.rature.  Based  on  the  compilation 
in  Ref.  8,  we  cannot  find  any  other  investigators  whose  transient  capacitance 
measurements  include  relaxation  times  shorter  than  lOOpsec,  and  only  Lang 
has  consistently  measured  relaxation  times  shorter  than  1 ms.  Our  second- 
ary data  points  include  times  even  faster  than  the  relaxation  times  at  the 
peaks  of  the  DLTS  sweeps. 

The  DLTS  data  for  the  hole  trap  was  least-squares  fit  using  40  data 
points  to  obtain  the  result 

E = 0. 45eV 

pa  _ (27) 

a = 1.4x10^"^  cm  ^ 

pa 

g 

using  the  notation  of  Mitonneau  et  al. 

These  DLTS  data  included  17  primary  data  points,  16  secondary  data 
points  from  Fig.  14,  and  7 from  an  unshown  experimental  curve.  The  upper 
straight  line  in  Fig.  12  shows  the  closeness  of  the  fit  for  the  hole  trap  which 
has  an  rms  error  of  13  percent.  The  rms  error  was  even  smaller  (9  percent) 
if  only  the  17  primary  points  were  used.  The  additional  error  is  due  to  un- 
avoidable inaccuracy  in  determining  a base  line  for  measuring  o.  It  is  clear 
that  this  error  is  largest  in  measuring  the  points  close  to  the  base  line,  where 
o is  smallest.  For  example,  one  of  these  points  had  a large  error  of  37  per- 
cent. Therefore,  we  eliminated  six  external  points  and  made  the  least- 
squares  fit  tc  34  points,  which  reduced  the  rms  error  to  8.  5 percent.  How- 
ever, both  the  40-point  and  the  34-point  fit  gave  E as  0.  452,  while  only  two 

JJcl 

figures  can  be  considered  significant  due  to  systematic  error.  The  consistency 
of  this  fitting  is  impressive  when  one  considers  that  a one-degree  error  in 
measuring  the  temperature  at  the  peak  of  a DLTS  curve  produces  about  an 
8 percent  error  in  relaxation  time.  It  may  also  be  noted  that  the  tempera- 
ture scale  at  the  bottom  of  Fig.  14  is  nonlinear  below  280“ K due  to  the  thermo- 
couple response  into  the  x-y  recorder. 
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Hasegama  and  Majerfeld  detected  a hole  trap  In  p material  which  had 

an  activation  energy  0.44  eV  above  the  valence  band.  However,  this  must  be 

“18  2 

a different  trap  because  its  cross  section  is  only  5x10  cm  , which  is 
almost  four  orders  of  magnitude  smaller  than  ours. 


In  fact,  our  trap  appears 
9 

to  be  identical  with  the  trap  labeled  HTl  by  Mitonneau  et  al.  , which  was 

detected  as  a minority  carrier  trap  in  n-GaAs  and  which  has  Epa  = 0.  44  eV 
-14  2 

and  a = 1.2  X 10  cm  . This  trap  is  considered  to  be  identical  with  the 
Ps  10 

traps  labeled  HB4  and  HL4.  HB4  was  obtained  by  Lang  and  Logan  from 

LPE  intentionally  doped  with  copper,  while  HL4  was  detected  in  copper - 

diffused  BPE.  HTl  was  also  identified  with  a copper -produced  acceptor 

1 n 

level.  Therefore,  it  appears  that  our  p-GaAs  may  have  been  contaminated 
with  copper  also,  possibly  from  the  substrate. 


1 7 

The  trap  HTl  was  originally  observed  by  Sakai  and  Ikoma  at  low 
temperatures  with  relaxation  times  as  long  as  300  seconds.  Since  we  have 
observed  the  hole  trap  with  relaxation  times  less  than  10  usee,  the  exponential 
behavior  of  t with  temperature  is  satisfied  over  more  than  7 orders  of  mag- 
nitude. 


The  density  of  trap  states  is  determined  by  applying  either  Eq.,  (21) 
or  Eq.  (22)  to  DLTS  curves  for  which  the  signal  amplitude  has  been  cali- 
brated in  units  of  capacitance.  For  example,  the  sunplitude  of  curve  4 in 
Fig.  15  is  0.  18  pf,  which  corresponds  to  a AC  of  0.  34  pf  since  = 0.  535. 

All  the  curves  in  Fig.  15  have  Vg  = 20  volts,  which  gives  a steady- 
state  capacitance  Cg  = 6.  4 pf  and  a depletion  depth  equal  to  3.  5 pnsec.  We 
used  Eq.  (22),  which  requires  knowing  V,p  = 0.45V,  from  the  measured  trap 
activation  energy.  The  depletion  layer  is  pulsed  back  to  different  voltages 
V for  10 /usee,  giving  the  depletion  layer  thickness  x^.  The  calculated  values 
of  the  trap  density  are  indicated  in  Table  V,  which  uses  curves  1-4  from 
Fig.  15  and  curves  5-8  from  additional  experimental  curves  not  shown  here. 
According  to  the  derivation  in  Sec.  2,  the  values  of  N,j,/Ng  are  some  average 

value  between  x and  x-r,.  The  results  indicate  that  N_  is  a roughly  constant 

P ^ 14  -3  , 

fraction  of  the  acceptor  doping  varying  from  about  8x10  cm  to  about 

14 

4x10  as  the  depth  changes  from  3.3  to  2.2  ynsec. 
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Figure  15  Curves  used  to  find  the  Ratio  of  Trap  Density  to  Shallow  Acceptor  Density  and 
other  Results  in  Table  V.  The  secondary  data  points  marked  on  curve  4 show 
that  the  signal  is  from  the  same  hole  trap  detected  in  Fig.  14  with  V_,  = 0.45V. 


TABLE  V 


DETERMINATION  OF  TRAP  DENSITY 


Curve 

V 

X 

_E 

AC 

Nt/  Njj 

1 

15 

3.  3 

. 17 

3.  1 X 10^^ 

. 26 

2 

12 

3.0 

. 24 

3.  6 

. 24 

3 

10 

2.  9 

. 29 

3.  2 

. 23 

4 

7.  5 

2.  7 

.34 

2.  3 

. 22 

5 

5 

2.4 

.37 

2.  1 

.21 

6 

4 

2.  2 

. 39 

2.  1 

. 20 

7 

2.  5 

2.  0 

. 58 

1.8 

. 28 

8 

0 

1.4 

. 62 

1.7 

. 27 

The  trap  densities  in  the  p-GaAs,  which  was  grown  on  a p substrate, 

14  -3 

were  very  high,  well  above  10  cm  . In  other  tests  no  traps  at  all  were 

detected  on  a double-drift  diode  No.  935,  which  indicates  that  the  time  den- 
13  -3 

sities  are  below  10  cm 

The  double-drift  wsifer  is  grown  by  first  using  a silicon  doping  to  grow 
n-material  on  an  n^  Te-doped  substitute  and  then  changing  the  doping  to  zinc 
to  produce  p-GaAs  beyond  the  junction.  Thus,  the  p-GaAs  in  a double-drift 
diode  is  protected  from  outdiffusing  impurities  from  the  substrate.  The 
most  likely  place  for  trap  defects  appears  to  be  in  the  neighborhood  of  the 
junction  where  the  doping  rates  changed  rapidly  during  growth.  Unfortunately, 
trap  states  located  within  the  zero  bias  depletion  layer  would  not  have  their 
occupancy  changed  by  our  "set”  pulse  DLTS  techniques.  We  have  therefore 
only  shown  that  the  density  of  trap  states  is  low  outside  this  region  near 
the  junction. 


4.0 


DETECTION  OF  BULK  AND  SURFACE  TRAPS  ON  LOW-DOPED 
FET  "TEST"  WAFERS 


I 


During  these  experiments  we  detected  a new  type  of  DLTS  signature 
which  is  qualitatively  different  from  the  signatures  that  have  been  detected 
for  bulk  traps.  We  will  refer  to  these  traps  as  surface  traps  because  their 
behavior  is  consistent  with  the  concept  of  surface  traps  in  all  of  the  charac- 
teristics which  have  been  observed.  Surface  traps  are  particularly  important 
for  FET's  because  they  are  thin-layered  devices  in  which  the  important  in- 
teractions take  place  close  to  the  surface. 

4.  1 Description  of  Fat  FET' s and  Test  Wafers 

DLTS  measurements  on  FET  wafers  are  taken  by  means  of  special 
structures  called  fat  FET's  shown  in  Fig.  16. 

During  the  measurements,  the  source  and  the  gate  are  grounded. 

For  a semi-insulating  substrate  these  contacts  take  the  same  role  as  a 
back  contact  would  play  for  capacitance  measurements  on  a diode  grown  on 
a conducting  substrate.  The  gate  length  has  been  increased  from  about  1 pm 
to  10  mils,  which  increases  the  capacitance  to  a value  which  can  be  conveniently 
measured.  In  addition,  the  large  gate  area  minimizes  the  importance  of  sur- 
face charge  which  may  exist  between  the  gate  and  drain  in  comparison  to  the 
importance  of  surface  states  which  may  occur  on  the  interface  directly  below 
the  gate  metallization. 
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Normal  FET  structures  have  an  active  layer  doping  of  N^  » 10  cm 

As  can  be  seen  from  Eq.  (22  ),  the  transient  capacitance  is  proportional  to 

N—/  Np,,  making  It  difficult  to  detect  a given  trap  density.  Therefore, 

15  -3 

special  test  wafers  were  made  up  with  N^  “ 2 X 10  cm  ' and  h 4 pm, 

which  will  be  described  in  this  section.  Measurements  made  directly  on 

17  -3 

normal  FET  wafers  with  active  layers  h ® 0.  3 pm  and  Np  ® 10  cm 
will  be  described  in  the  next  section. 
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STRUCTURE  OF  A FAT  FET 
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Structure  of  a Fat  FET.  The  top  view  shows  the  dimensions 
of  source  gate  and  drain  contacts.  The  side  view  shows  a 
buffer  layer  between  the  semi-insulating  substrate  and  the 
active  layer. 


Two  of  the  low-doped  test  structures  were  investigated.  Wafer 

No.  72507,  whose  profile  as  calculated  from  C(V)  data  taken  on  the  fat  FET* 

is  given  in  Table  VI.  had  an  active  layer  with  h = 3.  9 um  and  an  active  layer 

15 

doping  of  about  1.8  X 10  . A second  fat  FET  was  made  from  Wafer  No. 

72506,  which  had  a similar  doping  profile  but  also  had  carbon -backing  on 
the  substrate  during  the  growth  process.  We  had  reason  to  think  that  this 
might  reduce  the  impurities  in  the  epitaxial  layers,  since  acceptor  out- 
diffusion  from  the  substrate  or  into  the  vapor  stream  had  been  shown  to 
reduce  mobility  and  even  to  change  the  n buffer  layer  near  the  substrate 
into  p-material.  It  had  been  shown  that  growing  epitaxial  films  on  substrates 

O 

with  their  backs  covered  by*  200  A of  evaporated  carbon  had  increased  the 
mobility  by  as  much  as  50  percent.  However,  although  both  bulk  and  surface 
traps  were  detected  on  the  two  test  structures,  their  intensities  were  similar, 
so  that  the  carbon -backing  technique  w'as  not  very  effective  in  reducing  the 
measured  trap  levels,  although  it  may  produce  more  uniform  doping  levels 
in  the  buffer. 


TABLE  VI 
(Wafer  #72507) 


V 

C 

Q 

W 

volts 

pf 

C/cm^  X 10'® 

pm 

1/cm^  X 10^^ 

0 

24.5 

2.5 

.58 

— 

1 

16.2 

4.0 

.88 

2.3 

2 

11.8 

5.1 

1.2 

2.0 

4 

8.65 

6.7 

1.7 

1.9 

10 

5.44 

9.8 

2.6 

2.2 

15 

4.22 

11.6 

3.4 

1.5 

18 

3.55 

12.5 

4.0 

.54 

20 

2.85 

13.1 

5.0 

.18 

21.5 

2.08 

13.4 

6.9 

.05 

A value  of  2.2  pf  was  subtracted  from  the  capacitance  measured  on  the 
device  to  account  for  parallel  parasitic  capacitance.  The  gate  area  of 
the  fat  FET  was  200  mil.  ^ . 


4.  2 DLTS  Signatures  from  Surface  and  Bulk  Traps  Measured  on 
the  Test  Wafers 


The  first  measurements,  taken  on  fat  FET  No.  19  from  wafer  No. 
72507,  produced  the  five  curves  shown  in  Fig.  17,  which  are  perfect  examples 
of  a bulk  trap  signature.  In  fact,  a least-squares  fit  to  the  five  curves  gave 
an  rms  error  of  only  0.  7 percent  (an  agreement  which  must  be  partly  for- 
tuitous since  it  is  more  accurate  than  our  measurement).  This  least-squares 

fit  gave  an  activation  energy  E =0.85  eV  and  a cross  section  of 
- 1 2 

1. 6 X 10  cm  • These  parameters  are  similar  to  those  of  trap  ETl  in 

-13  2 

Ref.  8,  which  were  0.85  eV  and  6.  5 X 10  cm  . Our  curves  cover  a range 

17 

of  relaxation  times  from  400  to  6500  usee,  while  Sakai  and  Ikoma  measured 
ETl  over  a range  from  2 to  1000  sec.  This  trap  level  is  often  identified  with 

O 

oxygen  contaunination  substituting  for  an  arsenic  site. 

These  measurements  were  taken  with  the  pulse  length  T = 10  y sec. 

The  voltages  were  = 0 and  Vg  = 4,  which,  according  to  Table  VI,  corres- 
ponds to  the  depletion  edge  sweeping  out  from  0.  6 to  1.  7 um. 

The  next  measurements  were  taken  with  T = 100  usee,  = 0,  and 

P P 

V„  = 20  V,  so  that  the  depletion  layer  swept  out  into  the  buffer  layer  where 

“ 14  -3 

X = 5 um  and  the  doping  level  has  dropped  to  1. 8 X 10  cm  . These  ex- 
periments produced  the  nine  curves  in  Fig.  18,  which  not  only  exhibit  the 
positive  peaks  due  to  the  bulk  trap  at  0.85  eV  but  also  show  negative 
peaks  at  lower  temperatures,  which  we  shall  associate  with  surface  traps. 

The  next  experiment  was  designed  to  demonstrate  that  a long  pulse- 
back  time  Tp  is  required  in  order  to  detect  surface  states.  The  results  in 
Fig.  19  were  obtained  by  superimposing  DLTS  sweeps  with  Tp  varying  from 
10  usee  to  200  usee,  while  (=  (tg  - tj)/i  n tg/  t^)  was  about  50  usee. 

There  is  no  apparent  change  in  the  amplitude  of  the  bulk  trap  signal  as  we 
expect  from  theory  since  the  bulk  traps  should  be  filled  in  a short  time 
(l/nc  after  the  free  carriers  sweep  into  the  zero  bias  depletion  edge. 
However,  little  or  no  surface  trap  signature  can  be  detected  for  Tp  = 10  Msec; 


42 


peN-rr-eeo 


Tefnpera*ure(®K) 


Figure  17  DLTS  Curves  for  an  Electron  Bulk  Trap  at  0.85  eV,  which  has 
been  observed  by  other  investigators.  Curves  4 and  5 are  mea- 
sured relative  to  the  right-hand  temperature  scale  which  has 
lower  temperatures  than  the  left-hand  scale  which  is  drawn 
relative  to  curves  1-3. 
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DLTS  Curves  for  Values  of  the  Boxcar  Times  tj  Ranging  from 
5 to  1300  MS.  A positive  peak  corresponding  to  the  oxygen  bulk 
trap  appears  at  the  high  temperature  end  of  curves  3-9.  Nega- 
tive peaks,  which  we  associate  with  surface  states,  appear  at 
lower  temperatures  and  can  be  distinguished  on  the  first  six 
curves. 
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Now  wo  aro  in  a position  to  ronsitior  the  transiont  raparitanco  bo- 
bavior  wliicli  is  itnpliod  by  tboso  rosults.  Kigiii-o  20  shows  tin'  offorts  of  a 
sot  pulso  (in  I.anfj's  torniinolo^y,  * a majority  oarrier  pulse)  in  whioli 
\’l^  ^ \’p  and  of  a reverse  pulse  in  whiob  > Vj^.  l-'or  a bulk  trap,  traps 
in  the  depletion  /.one  ai'e  emitting  eleotrons  iinniediately  after  a set  pulse, 
so  that  the  eapaeitanee  im'reases  ttradually  towards  an  equililii'ium  value 
and  ('(t.,)  - (’(tj)  produees  a positive  sijtjnal.  b'or  a reverse  pulse,  tlie 
bulk  trap  would  produce  a null  experiment  since  tbe  traps  fill  almost 
immediately.  The  negative  peaks  in  tbe  surface  signatui'e  n^ust  mean  that 
tin'  capacitance  is  decreasing  after  a set  pulse  as  indicated  in  tbe  figure. 
Since  a relatively  long  pulse  length  1’^  is  required  to  produce  a surface  sig- 
nature, tbe  capacitance  must  be  slowly  increasing  during  the  set  pulse  as 
shown  In  tbe  figure.  .Siju'e  this  is  (rue,  it  must  also  be  true  (bat  tbe  ca- 
pacitance inci’eases  after  a revei'se  pulse  so  that  a positive  signature  would 
be  produced  by  a reverse  pulse. 


A aeries  of  nine  curves  produced  bv  a reverse  pulse  with  = 0 and 
20  Is  shown  in  Fig.  21.  As  suggested  by  Fig.  20,  the  capacitance 
change  is  positive.  I be  sensitivity  scale  in  I'  ig.  21  shows  a magnitude  of  At' 
comparable  to  tbe  amplitude  in  Ibe  signatures  in  I'  ig.  IH  due  to  set  pulses. 

This  la  a strong  signal  considering  that  tbe  depletion  layer  for  is  now  in 
tbe  active  layer  where  the  doping  density  is  an  ordei-  of  magnitude  larger 
than  tbe  doping  level  involved  in  Fig.  IH. 

2 3 

.A  plot  of  T ( r/ .TOO)  versus  10  / T'  can  be  drawn  for  both  tbe  set  pulse 
in  I'ig.  IH  and  Ibe  rev«'rse  pulse  in  Fig.  21,  with  tbe  results  shown  in  b'ig.  22. 
The  peaks  in  b'ig.  IH  produced  tbe  straight  line  at  Ibe  top  of  I'ig.  22,  wbii'b  is 
due  to  emission  from  Ibe  same  bulk  trap  deleeted  by  means  of  tbe  curves  in 
Fig.  17.  The  negativi'  peaks  from  tbe  curves  in  I'ig.  IH  give  (In'  straight  line 
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Figure  20  Schematic  Diagram  of  the  Transient  Capacitance  Produced  by  a 
bulk  trap  and  by  a surface  signature  when  two  types  of  pulses 
are  applied  to  a Schottky  barrier.  The  bulk  trap  produces  a 
positive  DLTS  peak  for  a "set"  pulse  and  no  signature  for  a 
"reverse"  pulse.  The  surface  signatures  produce  negative 
peaks  for  a "set"  pulse  and  positive  peaks  for  a 'reverse 
pulse.  The  DLTS  boxcar  times  are  t ^ and 
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Figure  21  DLTS  Curves  From  Surface  States  for  a Reverse  Pulse  with 
V^=  0 and  = 20  when  the  pulse  length  is  100  ps. 
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Figure  22  Plots  of  (T/  300)^  t versus  1000/  T.  The  upper  straight 
line  is  a least  squares  fit  for  a bulk  electron  trap.  The 
lower  straight  line  with  Ena  = 0.  72  eV  is  due  to  capture 
of  electrons  by  surface  states  after  the  set  pulses  in 
Fig.  18.  The  dashed  curve  connects  points  calculated 
from  the  reverse  pulse  data  in  Fig.  21  which  are  caused 
by  emission  from  surface  traps. 


with  = 0.  72  eV.  In  our  model  of  surface  states,  the  response  to  a set 
pulse  will  be  identified  with  the  capture  of  electrons  by  surface  traps  which  con- 
trasts with  the  emission  of  electrons  from  bulk  traps  after  this  pulse.  In 
addition  to  the  solid  circles  measured  with  x = 5 from  the  curves  in  Fig.  18, 
the  measurements  were  repeated  with  the  open  circles  from  an  unshown 
set  of  curves  with  x = 2.  The  fastest  measurement,  which  is  not  shown 
since  it  fell  below  the  10  usee  baseline  in  Fig.  22,  was  made  with  = 2 usee 

which  gave  our  fastest  measured  decay  time  T = t,  (x-l)/inx=  2.  9 usee. 

ml' 

The  dashed  curve  in  Fig,  22  connects  measured  points  from  Fig.  21, 
i.  e.  , from  the  reverse  pulse,  which  we  will  identify  with  emission  from  the 
surface  traps.  The  decay  times  for  these  emission  measurements  are 
approximately  five  times  larger  than  the  capture  times,  for  1000/ T greater 
than  2.  6.  With  this  information  we  are  finally  able  to  understand  why  surface 
signatures  did  not  appear  in  the  curves  where  t^  was  extremely  long.  The 
first  curve  in  Fig.  18  had  its  negative  peak  at  402° K with  a decay  time  of  60  usee, 
which  is  less  than  the  set  pulse  time,  T^  = 100  usee.  Thus  there  was  time  to 
empty  most  of  the  trap  states  during  the  pulse.  In  contrast,  curve  six  has  a 
negative  peak  at  3 50°K  where  the  emission  time  is  1500  usee,  so  that  few  traps 
are  emptied  during  T^  = 100  usee,  and  the  amplitude  is  therefore  very  small. 

In  the  remaining  curves,  tj  is  so  long  that  the  negative  peaks  would  appear  at 
still  lower  temperatures  amd  no  signal  can  be  detected  from  these  traps. 

A similar  explanation  explains  the  decrease  in  amplitude  for  the  re- 
verse pulse  in  Fig.  21.  Here  curve  nine  peaks  at  341  °K,  where  the  capture 
curve  in  Fig.  22  indicates  a decay  time  of  700  usee,  which  is  too  long  to  fill 
the  traps  within  the  pulse  time  of  100  usee.  However,  curve  three  peaks  at 
405°K,  and  at  this  temperature  Fig.  22  gives  a capture  time  of  12  usee,  so 
that  100  usee  is  more  than  enough  time  to  fill  the  traps  completely. 

Another  experiment  with  the  same  diode  was  taken  using  set  pulse 
in  which  Vg  = 21.  5 V,  but  took  on  the  values  0,  5,  10,  15  and  20  volts. 

The  curves,  recorded  with  t^  = 40  usee  and  tg  = 200  usee,  are  shown  in 
Fig.  23. 


The  positive  peaks  correspond  to  the  bulk  trap  at  0.  85  eV,  and  can 

be  used  in  the  usual  way  to  obtain  trap  densities.  We  use  Eq.  (21)  since  the 

doping  density  changes  rapidly  and  corresponds  to  a point  deep  in  the 

13“ 

buffer  layer  where  =5x10  , according  to  Table  VI.  Using  the  values 

A = 200  square  mils,  Xg  = 6.  9 um,  suid  Cg  = 2.  1 pf,  we  obtain  the  trap 
densities  shown  in  Table  VII. 


TABLE  VII 


DENSITIES  OF  THE  BULK  TRAP  AT  0.  85  eV 

V 

p 

(volts) 

X 

P 

(fjm) 

AC 

(£0 

^T 

(cm"^) 

0 

. 6 

1.  25 

. 10 

14 

2 X 10 

5 

1.  9 

1.  07 

. 11 

1 4 

2 X 10 

10 

2.  6 

.80 

. 11 

2 X lO^'^ 

15 

3.4 

. 54 

. 14 

2 X 10^'^ 

20 

5.  0 

. 15 

. 16 

2 X 10^^ 

The  negative  peaks  in  the  curves  in  Fig.  23  correspond  to  surface 

states.  Their  amplitudes  decrease  as  V^  approaches  Vg,  as  one  would 

expect.  An  important  experimental  finding  is  that  the  negative  peaks  occur 

at  increasing  temperatures  as  V increases,  which  indicates  that  the  re- 

P 

laxation  times  are  becoming  longer  as  V^  increases.  This  effect  is  not  due 
to  competition  with  the  bulk  trap  because  numerical  calculations  showed  that 
the  amplitude  of  the  bulk  trap  is  reduced  to  only  3.  4 percent  of  its  peak  value 
at  400  °K,  and  to  only  0.8  percent  of  its  peak  value  at  380*K.  Therefore, 
this  measurement  appears  to  indicate  that  the  surface  states  have  a 
continuum  of  energy  levels  and  relaxation  times,  and  the  states  with  the 
slower  decay  rates  are  excited  preferentially  by  the  higher  values  of  V . 


Wafer  No.  72506,  which  was  similar  to  the  first  wafer  except  that 
it  was  grown  with  a carbon -backed  substitute,  was  also  measured  to  the 

O 

DLTS  equipment.  It  had  been  hoped  that  the  200  A carbon  backing  would 
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reduce  the  density  of  trap  states  but  the  measurements  did  indicate  that  there 
was  little  difference  between  the  two  wafers.  Exact  comparisons  are  difficult 
because  both  surface  and  bulk  signatures  are  both  much  bigger  when  the  de- 
pletion layer  edge  is  at  a low  doping  density  and  small  changes  in  the  C(V) 
curve  can  lead  to  an  error  in  the  calculated  density  in  the  low-doped  buffer 
region.  The  relaxation  times  for  both  bulk  and  surface  traps  were  nearly 
the  same  for  both  wafers,  as  indicated  in  Fig.  24. 

4.  3 Relationship  of  Anomalous  Signatures  to  Surface  States 

In  principle,  the  transient  capacitance  could  be  affected  either  by 
charge  states  at  the  interface  under  the  gate  or  by  mobile  charge  between 
gate  and  drain.  In  fact,  the  c’  arge  between  gate  and  drain  is  undoubtedly 
important  in  operating  FET's,  but,  for  fat  FET's,  the  gate  length  has  been 
increased  from  1 p m to  10  mils,  so  that  the  5 p m between  gate-and-source 
or  gate-and-drain  is  much  less  important,  as  can  be  seen  from  Fig.  16. 

If  we  assume  that  the  maximum  likely  effect  of  mobile  surface  charge  on  a 
capacitance  measurement  is  to  increase  the  effective  gate  length  by  Sum, 
then  AC  would  not  exceed  about  two  percent  of  C^.  In  fact,  the  surface 
effects  increase  Cg  in  Fig.  18  by  about  14  percent.  It  is  true  that  this 
large  percentage  change  ii  a consequence  of  the  depletion  layer  ending  in 
the  low-doped  buffer  zone  where  Cg  is  sensitive  to  small  changes.  How- 
ever, this  fact  and  our  observation  that  AC  is  smaller  when  the  depletion 
layer  corresponding  to  Vg  ends  in  a high -doped  region  suggest  that  the 
transient  capacitance  cannot  be  due  to  an  effective  increase  in  the  gate  area 
due  to  surface  charges  between  the  gate  and  the  source-drain  electrodes. 
Therefore  we  will  consider  whether  surface  states  at  the  interface  between 
the  gate  and  the  bulk  GaAs  can  cause  our  transient  capacitance. 

A preliminary  model  is  suggested  by  Fig.  25,  where  the  dashed 
curve  in  Fig.  25a  indicates  schematically  the  density  of  surface  states 
D(E)  and  the  darkened  area  indicates  that  these  states  are  filled  up  to  Fermi 
level  of  the  metal.  If  f is  the  Fermi  occupation  function,  the  negative  surface 
charge  for  n-GaAs  is 
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A Comparison  of  the  Relaxation  Times  for  Surface  and 
Bulk  Traps  for  the  Test  Wafer  without  a Carbon -Backed 
Substrate,  No.  72507,  and  a Similar  Carbon -Backed 
Wafer  No.  72506.  The  upper  bulk  signature  corres- 
ponds to  the  bulk  trap  at  0.85  eV  which  is  associated 
with  oxygen.  Points  were  taken  over  a more  limited 
range  for  the  latter  wafer  which  explains  the  slight 
difference  in  slope  for  the  bulk  trap. 


PBN-77-6Z7 


Time 


c d 


Figure  25  Energy  Bands  for  Schottky  Barriers  with  a Large  Density  of 
Surface  States,  (a)  The  zero  bias  equilibrium  state  has  the 
Fermi  level  pinned  by  the  high  density  of  surface  states  so 
that  the  built-in  potential  is  about  . 85V  regardless  of  the 
barrier  metal;  (b)  the  equilibrium  state  for  a reverse  bias, 

Vg,  has  more  surface  states  filled  with  electrons;  (c)  approxi- 
mate conditions  immediately  after  a jump  from  0 to  Vg  while 
surface  states  are  still  being  filled;  (d)  capacitance  response  to 
the  situation  in  (c)  showing  the  asymptotic  approach  to  equilibrium. 
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Wh^n  a reverse  bias  is  applied,  the  negative  charge  Q must  increase  so 

s s 

that  Q + Q , 0,  where  Q is  the  space  charge  in  the  depletion  layer, 

s s s ( sc 

However,  since  GsiAs  has  a large  density  D{E),  the  energy  difference  E^  - E^ 
is  essentially  pinned  to  a value  of  about  0.85  eV  and  Fig.  25b  shows  E^,  the 
bottom  of  the  conduction  band  moving  only  a small  amount  A relative  to  the 
metal  Fermi  level. 


Our  experimental  results  indicate  that,  when  the  reverse  bias  increases 

from  0 to  V_  suddenly,  the  capacitance  decreases  from  C to  €„  + AC 
ts  ' p ts 

in  a time  short  compared  with  our  measuring  time  and  then  decreases  slowly 
as  AC  decays  over  times  on  the  order  of  100  usee.  This  suggests  that  there 
is  an  intermediate  state  like  that  in  Fig.  25c  where  most  of  the  surface  states 
have  been  filled  to  the  level  required  by  the  new  reverse  bias  Vg,  but  a small 
fraction  of  additional  states  remain  to  be  filled  more  slowly.  In  the  last  stages 
of  approaching  equilibrium,  the  depletion  layer  will  slowly  be  moving  out  an 
additional  distance  Ax  as  the  last  surface  states  are  filled.  This  will  produce 
the  capacitance  transient  pictured  in  Fig.  25d,  which  registers  as  a negative 
peak,  ettg)  - (C(tj),  in  our  DLTS  system. 

This  model  requires  some  further  fleshing  out,  including  a comparison 
with  a more  complete  theory  of  the  surface  state  pinning  which  will  be 

discussed  in  Sec.  6.  However,  the  model  already  suggests  that  a continuum 
of  surface  states  D(E)  may  cause  a continuum  of  relaxation  times.  The 
variation  in  relaxation  times  with  voltages  Vp,  which  appeared  in  the  mea- 
surements of  Fig.  23,  may  be  a result  of  filling  D(E)  to  different  energy 
levels.  Since  increases  as  the  square  root  of  the  doping  level  Np,  an 
increase  in  doping  level  would  require  more  states  to  be  filled  to  give  a 

larger  negative  charge  Q and  therefore  a larger  signal.  A short  pulse 

s s 

time  T might  cause  certain  traps  to  be  filled  preferentially.  Similarly, 
since  the  surface  state  density  changes  with  the  t5q)e  of  metal  in  the 
Schottky  barrier,  different  transients  and  relaxation  times  may  occur 
with  different  gate  metallizations. 
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5.  0 DETECTION  OF  SURFACE  TRAPS  IN  NORMAL  FET  WAFERS 


When  DLTS  measurements  were  applied  to  fat  FET' s on  normal  FET 

17-3 

wafers  with  an  active  layer  doping  around  10  cm  , the  bulk  traps  were  diffi- 
cult to  detect  because  of  the  small  ratio  of  trap  density  to  doping  density. 
However,  surface  traps  were  detected,  as  is  indicated  dramatically  by  the 
oscilloscope  traces  in  Figs.  26  and  27,  from  measurements  on  the  buffered 
wafer  No.  82137. 

In  these  pictures,  the  voltages  are  kept  at  3 V for  varying  periods  of 
times  and  then  pulsed  to  2 V with  a switching  time  of  less  than  1 jusec.  The 
capacitance  transients  are  consistent  with  the  schematic  diagram  in  Fig.  20. 
The  transients  are  noticeably  slower  when  the  voltage  is  switched  from  3 to 
2 V than  they  are  when  the  voltage  switches  from  2 V to  3 V,  as  might  be 
anticipated  considering  Fig.  22. 

The  upper  pictures  in  Fig.  26  illustrate  that  Spsec  is  too  short  a time 
to  allow  the  capacitance  to  reach  its  steady  state  value  of  11.25  pfs,  although 
the  capture  rate  of  bulk  traps  is  so  fast  that  the  capture  would  appear  instan- 
taneous on  these  time  scales.  Therefore  these  traces  are  due  to  surface  traps. 
In  the  pictures,  the  switching  of  the  voltage  from  2 to  3 V is  not  instantaneous 
but  requires  a fraction  of  a microsecond.  (Both  capacitance  and  voltage  traces 
move  downward  as  their  values  increase  in  these  pictures. ) 

After  the  voltage  switches  to  3 V,  the  capacitance  decays  until  it 
reaches  its  steady  state  value.  Again,  this  is  different  from  the  behavior  of 
a bulk  trap  which  would  cause  the  capacitance  to  overshoot  its  steady  state 
value  to  some  value  less  than  9.  9 pfs  and  then  slowly  increase  back  to  the 
steady  state  value  as  the  trapped  electrons  within  the  depletion  layer  are 
released. 

The  remainder  of  the  pictures  in  Figs.  26  and  27  show  the  results 
of  increasing  Tp,  the  length  of  the  set  pulse,  from  5 usee  to  50  usee  to 
500  usee  to  3 nsec,  while  simultaneously  increasing  the  scale  of  the  time 
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trace  on  the  oscilloscope.  A visual  estimate  suggests  that  the  e-folding 
time  ot  the  transient  is  about  50  usee  after  switching  to  2 V and  about 
30  usee  for  a 3V  bias. 

3.  1 Measurements  on  a Buffered  Kat  FET 

•A  series  of  OLTS  measurements  were  made  on  fat  KET  No.  12, 
fabricated  from  wafer  No.  72449.  The  fat  KET  was  similar  to  the  sketch 
in  Kig.  16  and  had  a gate  area  of  200  square  mils,  an  active  layer  doping 
of  Np  1.1  \ 10  cm  , a thickness  h = 0.  29  um,  and  a buffer  layer 
tliickness  of  .3.85um.  The  doping  level  ns  a function  of  x and  V,  as  calcu- 
l.ntcd  from  the  C(V)  plot  measured  directly  on  the  device,  Is  shown  In 
1 able  VIII,  along  w’lth  the  total  space  charge  per  unit  area  as  a function  of 
depth. 
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The  DLTS  curves  in  Fig.  28  show  temperature  sweeps  with  negative 
peaks  for  the  four  boxcar  times  t^  = 10,  20,  40,  and  SOpsec,  with  x = 5. 
Since  Tp  was  only  80  usee,  the  signal  amplitude  becomes  smaller  as  t^  is 
increased,  as  would  be  expected  if  the  filling  time  is  longer  than  t^  at  the 
temperature  corresponding  to  the  negative  peak. 


As  with  the  test  wafers  discussed  in  Sec.  4,  we  use  a reverse  pulse 
to  check  the  emission  times  for  the  surface  states.  The  results  show  the 
strong  signatures  in  Fig.  29  with  the  positive  peaks  that  are  typical  of  the 
surface  state  response  to  a reverse  pulse.  The  emission  times  and  capture 
times  are  both  plotted  in  Fig.  30.  The  capture  times  fall  along  a single 
straight  line  in  the  same  way  that  bulk  traps  do,  but  the  emission  times 
appear  to  satisfy  a different  relationship.  The  emission  times,  as  they  were 
obtained  from  the  curves  of  Fig.  29,  are  listed  in  Table  IX  along  with  the 
temperature  of  the  peaks  of  the  curves. 


TABLE  IX 


EMISSION  TIMES  FROM  THE  REVERSE  PULSE 

T * K 2 

Curve  max*  t , psec  (T/  300)  t , psec 


1 

295 

50 

48 

2 

283 

99 

89 

3 

272 

199 

163 

4 

257 

398 

292 

5 

235 

795 

489 

6 

213 

1590 

800 

Figure  31  shows  a temperature  sweep  for  t^rtg  = 10:50  p sec  over  the 
entire  temperature  range  from  90"  to  475®K,  covering  most  of  the  range 
between  liquid  nitrogen  temperature  to  the  temperature  at  which  the  solder 
on  the  device  begins  to  melt.  The  valley  at  308 °K  is  the  surface  signature 
discussed  above.  In  addition,  there  appears  to  be  a slow  surface  trap  which 
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iTS  Signatures  After  a Reverse  F^ulse  is  Applied  to  Wafer  No.  72449.  There  is 
response  from  bulk  traps  to  this  type  of  pulse. 
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Figure  30  Relaxation  Times  from  Set  Pulses  (Capture  Rates)  and  Reverse 
pulses  (emission  rates)  for  the  surface  states  detected  on  fat 
FET  No.  12.  The  capture  times  fall  along  a straight  line  in 
the  same  way  as  for  bulk  traps.  The  emission  times  fall  along 
a curve,  although  they  could  be  represented  fairly  well  by  two 
straight  lines,  through  the  3 high  temperature  and  3 low  tem- 
perature points. 
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produces  a valley  at  476°K  and  a fast  surface  trap  producing  the  minimum 

at  103° K.  Using  other  DLTS  data,  the  peak  at  122  °K  appears  to  be  a bulk 

- 1 5 

electron  trap  0.  12  eV  below  the  conduction  band,  with  o =1.1x10 

n 3. 

To  our  knowledge,  none  of  the  surface  state  traps  have  been  reported  pre- 
viously by  experimenters  measuring  DLTS  signals  from  Schottky  barriers, 
probably  because  they  used  values  of  Tp  less  than  the  boxcar  times,  or 
because  reverse  pulses  have  not  been  attempted  since  one  would  expect  a 
null  experiment  on  the  basis  of  theory  for  bulk  traps.  The  bulk  trap  at 
122°K  is  very  fast  since  it  not  only  requires  the  very  fast  times  of  which  our 
system  is  capable  but  also  cooling  to  low  temperatures.  We  have  not  found 
any  traps  listed  in  the  literature  which  appear  to  match  this  trap. 


On  the  basis  of  the  usual  formula  for  t (Eq.  15)  and  using  the  four 

curves  in  Fig.  28  along  with  a fifth  curve  for  which  t^  = 5 usee  and 

T_,  = 312°K,  we  obtain  = 0.  58  eV  with  an  rms  error  of  10  percent, 

producing  the  dashed  straight  line  in  Fig,  30.  However,  in  contrast  to  the 

bulk  trap  results,  we  have  found  that  the  value  of  E^^  will  change  when  either 

the  bias  voltages  such  as  Vp,  the  filling  time  Tp,  or  the  doping  level 

changes.  In  going  from  Fig.  21  to  Fig.  30,  the  doping  level  changes  from 
15  17 

about  2X10  tol.lXlO  . The  dependence  on  the  variables  suggests  that 
the  signatures  are  not  caused  by  a single  surface  state  0.  58  eV  below  the 
conduction  band,  but  by  a continuum  of  states  that  are  filled  to  different 
levels  as  these  parameters  change. 


The  effect  of  changing  the  pulse-back  bias  Vp  is  indicated  in 
Fig.  32.  These  are  the  same  type  of  curves  that  we  used  to  measure  trap 
density  as  a function  of  position  for  bulk  traps.  If  bulk  traps  were  causing 
these  signatures,  the  peaks  would  occur  at  the  same  temperature  for  each 
curve.  However,  the  negative  peaks  in  Fig.  32  occur  at  slightly  different 
temperatures  for  each  value  of  Vp.  This  result  would  be  consistent  with  a 
continuum  of  surface  states,  and  a preferential  emptying  of  traps  with  shorter 
decay  times  (and  presumably  higher  energies)  as  Vp  becomes  larger.  The 
direction  of  the  change  of  the  temperature  at  which  the  maximum  occurs 
suggests  that  the  higher  energy  levels  have  shorter  time  constants,  as  one 
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Figure  32  DLTS  Signals  after  the  Voltage  is  Pulsed  back  to  Different 
Values  of  Vp  with  Vg  fixed  at  5 Volts.  As  the  pulse-back 
voltsige  Vp  approaches  zero  bias,  more  surface  states  are 
emptied  as  the  signal  amplitude  increases.  As  Vp  decreases 
the  maximum  response  occurs  at  higher  temperafures  indi- 
cating a different  time  constant. 
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might  expect  as  the  energy  levels  move  closer  to  the  conduction  band. 

The  DLTS  signatures  in  Fig.  33  show  that  increasing  values  of  Tp 
increase  the  amplitude  of  the  signature  until  the  effect  saturates  when  Tp 
exceeds  100  usee.  Thus  the  emptying  of  surface  states  occurs  over  times 
on  the  order  of  100  usee  in  contrast  to  bulk  traps,  which  are  filled  in  times 
considerably  less  than  1 usee.  An  even  more  surprising  result  is  that  the 
temperature  of  the  maximum  response  decreases  as  Tp  increases.  Since 
the  peaks  would  occur  at  lower  temperatures  for  traps  with  more  rapid  filling 
times,  the  surface  traps  which  empty  most  slowly  must  fill  most  rapidly. 

5.  2 Measurements  on  an  Unbuffered  FET 


In  general,  for  a buffered  device,  Vg  can  be  chosen  so  that  the 
depletion  layer  ends  within  the  buffer  layer  where,  due  to  the  low  doping, 
the  magnitude  of  the  capacitance  is  sensitive  to  small  changes  in  the  surface 
charge.  To  state  the  same  effect  in  a different  way,  the  capacitance  becomes 
sensitive  to  small  changes  in  the  built-in  potential.  As  a result,  transient 
capacitance  changes  are  likely  to  be  smaller  in  an  unbuffered  device.  These 
small  changes  are  somewhat  difficult  to  find  when  we  are  observing  surface 
signatures  because  we  have  to  set  Tp,  Vp,  anf  Vg  correctly  to  obtain  the 
maximum  signature. 


Negative  peaks  were  obtained  on  a fat  FET  made  from  the  unbuffered 
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wafer  No.  72460  with  an  active  layer  doping  of  7 x 10  cm  , by  setting  the 
pulse-back  time  Tp  equal  to  200  psec.  The  magnitude  of  AC  is  quite  small 
under  these  conditions,  less  than  0.01  pf.  This  is  about  0.  06  percent  of  the 
steady-state  capacitance,  since  Cg  = 16  pf, 

5.  3 Measurements  with  a Ti-Pt-Au  Gate 

O 

All  previous  measurements  were  made  with  gates  consisting  of  400  A 

O 

of  chromium  in  contact  with  the  GaAs,  followed  by  4000  A of  gold.  The 
theory  discussed  in  the  next  section  suggests  that  the  magnitude  of  these 
capacitance  transients  depended  on  the  work  function,  of  the  gate  metal. 
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Figure  33  The  Effect  of  increasing  Tp  in  a Set  Pulse.  The  surface  j 

states  are  slow  to  empty  since  they  require  about  one  j 

hundred  microseconds  to  reach  full  amplitude.  There  j 

is  a decrease  in  temperature  of  the  peak  response  as 

T_  increases,  suggesting  that  the  trap  states  which  are  S' 

slowest  to  fill  are  the  most  rapid  to  empty.  , 
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To  check  the  effect  of  the  gate  metal,  measurements  were  made  on  device 

No.  31,  fabricated  with  a Ti-Pt-Au  gate  on  wafer  No.  72444,  which  has  an 

17  -3 

active  layer  doping  of  IX  10  cm  and  a thickness  of  about  0.25  mm. 

Figure  34  shows  a series  of  DLTS  sweeps  with  t ^ varying  from  4 to 
65  |ji  s,  while  tg  = 5tj  . As  shown  in  the  figure,  negative  peaks  appear  on 
each  of  these  curves,  with  the  minima  occurring  at  temperatures  ranging 
from  322  *K  to  306  K.  The  delay  time  of  each  of  these  traces  is  plotted 
as  a function  of  1000/  T in  Fig.  35,  where  the  straight  line  is  a least- 
squares  fit  to  six  points  from  the  peaks  of  the  DLTS  sweeps  in  Fig.  34. 

The  slope  is  considerably  steeper  than  the  corresponding  line  with  the  chrome 
gate  since  the  value  of  E has  increased  from  0.58  eV  to  1.31  eV.  The 
rms  percentage  error  is  22  percent,  which  is  larger  than  the  errors  we  have 
obtained  in  most  of  our  measurements. 

A positive  peak  appears  in  Fig.  34  which  occurs  at  temperatures 

ranging  from  384  °K  to  345  °K.  A least-squares  fit  to  these  points  results 

in  an  rms  error  of  21%  with  a value  of  E = 0.83  eV  but  with  a surprisingly 

- 10  2 

large  cross  section  of  2.6  X 10  cm  . 
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Figure  34  Five  DLTS  Temperature  Sweeps  are  shown  for  a Ti-Pt-Au  Gate  on  Wafer  No.  72444 
with  the  Specified  Values  for  tj  and  to.  The  temperature  of  the  negative  peaks  from 
surface  traps  and  the  positive  peaks  from  a bulk  trap  are  listed.  Here  Tp  = 200  ys, 
Vtj  = 4V  and  Vp  = 0. 


1000 /TTO 


Figure  35 


2 

(T/  300)  Times  the  Relaxation  Time  for  a Surface  Trap  Under 
a "n-Pt-Au  gate,  plotted  versus  1000/  T.  The  straight  line 
with  a slope  corresponding  to  E^a  “ 1.31  eV  is  a least  squares 
fit  with  an  error  of  22  percent. 
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THEORETICAL  MODEL  OF  THE  SURFACE  STATES 


In  this  section  we  will  relate  the  transient  capacitance  charge  to  the 

change  in  the  occupation  of  surface  states  at  the  GaAs-gate  interface.  This 

11  12 

model  is  closely  related  to  a model  of  Cowley  and  Sze  * which  explains 
why  the  built-in  voltage  is  almost  independent  of  the  work  function  of  the 
metal  used  as  a Schottby  barrier  on  a semiconductor  with  a high  density  of 
surface  states,  such  as  GaAs. 

A schematic  diagram  of  the  semiconductor,  shown  in  Fig.  36,  in- 
cludes both  bulk  electron  traps  in  the  interior  of  the  semiconductor  and 
surface  states  at  the  interface.  The  interface  is  pictured  as  a thin  oxide  or 
insulating  layer  separating  surface  states  in  the  semiconductor,  with  charge 
Qgg,  from  a charge,  at  the  metal  surface.  The  insulating  layer  has  a 

thickness  6 across  which  a potential  drop  A is  produced. 

When  the  reverse  bias  applied  to  the  semiconductor  changes,  the 

positive  space  charge  in  the  depletion  layer  Qg^-.  changes  in  the  usual  way. 

To  maintain  charge  neutrality  Qgg  and  Qj^  must  change  also,  which  alters 

the  balance  of  forces  in  the  interfacial  layer.  Even  in  the  limit  of  zero  bias, 

to  which  Cowley  and  Sze  restricted  themselves,  the  charge  densities  Qiyr 

11 

and  Qgg  have  not  been  evaluated  numerically  in  the  published  paper,  so  we 
will  discuss  the  zero  bias  case  first. 

6. 1 The  Interfacial  Layer  for  Zero  Bias 

Cowley  and  Sze  introduce  five  equations.  The  first  results  from 
charge  neutrality: 

The  space  charge  per  unit  area  in  the  depletion  layer,  which  we  will 
calculate  only  for  the  case  where  the  doping  density  Nj^  is  uniform,  is  given 

by 

QgC  = V2f  qNjj  ( - k T/q)  (30) 
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r»»r>r«‘  .'Ifi  Schematic  Diagram  of  Electron  Trapping  in  the  Surface  States 
and  in  the  bulk  of  the  semiconductor.  Ep  is  the  Fermi  level 


is  the  bulk 


in  the  metal  and  Vp  is  an  applied  reverse  bias.  E-p  is  the  bull^ 
trap  energy,  \ is  the  distance  to  the  point  where  the  bulk  trap 
level  crosses  the  Fermi  level,  x is  the  electron  affinity,  (J 
is  the  metal  work  function  and  A is  the  potential  drop  across*^ 
fh.  Int#  rfarlal  laver. 


The  barrier  licight  is 


A. 


From  Gauss'  law,  the  voltage  drop  across  the  insulator  is 

A=  -Qm 


(31) 


(32) 


The  surface  state  charge,  given  by  the  fact  that  all  states  below  the 
Fermi  level  are  filled,  is 


'’ss' 

Here  we  have  neglected  the  image  force  lowering  of  the  barrier  volt- 
age, since  it  is  not  only  small  but  immaterial  to  the  built-in  voltage.  Both 
V^,  the  voltage  difference  between  the  Fermi  level  and  the  bottom  of  the 
conductor  band,  and  kT/  q are  on  the  order  of  0.02  and  could  be  neglected 

for  our  purposes.  D„  is  the  density  of  quantum  states  per  unit  area  in  units 
9 1 ® 

of  m”“  joule  " , taken  as  a constant  equal  to  its  value  at  the  neutral  point 
qb^  in  the  energy  spectrum  of  the  surface  states,  work  function 

of  the  gate  metal  and  x is  the  electron  affinity.  The  results  are  not  very 
sensitive  to  the  values  of  or  6/e.  where  6 is  the  thickness  of  the  insulat- 
ing layer  and  e.  is  the  effective  dielectric  constant  of  the  insulating  layer. 


There  are  5 unknowns  in  the  5 equations  of  Figs.  (29)  to  (33).  We 
have  found  two  useful  schemes  of  elimination.  In  the  first  we  eliminate 
Q^C>  *^SS  equation 

A=  ( -k^  -2  ^qNj^A  ) /kg  (34) 

where  the  k'  s have  known  values  given  by 

>'2'  2"3Nd(  VX-V„-kT/q), 

and 

k3=  €j/8 

Equation  (34)  has  been  written  in  a form  particularly  useful  for  an 
Iterative  solution  since  the  effect  of  the  term  involving  A on  the  right-hand 
side  is  small. 
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Another  useful  form  is  obtained  by  eliminating  A and  (l>^^  to  obtain 
the  following  equations  for  the  charge  densities: 

""  ~ ^‘^SS  ^ ^SC^’ 

Qsc  eqNp  (♦„-  X -V^-kT/q  + «/£j)  , (36) 


In  solving  these  equations,  we  used  the  parameters  given  by  Sze  for 
GaAs  as  listed  in  Table  X. 

TABLE  X 

INTERFACE  PARAMETERS  FOR  GaAs 


^s 

fd  - cm  -1 

6/ei 

(cm^fd 

E / q 

gap'  ^ 

(Volts) 

<^o 

(Volts) 

-1 

(cm”2  eV  ^ 

X 

(Volts) 

1.  1 X 10"^^ 

6.6  X 10^ 

1.43 

0.53 

- 1 3 

12.5  X 10  ^ 

4.07 

The  solution  of  these  equations  is  plotted  in  Fig.  37  as  a function  of 
17 

for  Nj^  = 1.  1 X 10  / cc.  First,  we  note  that  the  barrier  voltage 

is  nearly  constant,  increasing  from  0.87  to  0.93V  over  the  entire  range  of 
work  functions  which  is  in  agreement  with  experiment. 

Most  of  our  experiments  used  chromium  gates,  and  the  chromium 
work  function  is  about  4.60,  which  falls  at  0.53  on  the  abscissa  of  Fig.  37. 
Here  we  note  that  Qj^j  is  more  than  twice  the  space  charge  Qg^.  and  there- 
fore the  electric  field  in  the  insulating  layer  is  much  stror^er  and  in  the 


opposite  direction  from  the  field  in  the  semiconductor.  The  total  interfacial 
charge,  and  Qeo  , is  always  positive,  of  course.  We  have  followed 
Cowley  and  Sze's  notation  in  letting  A be  positive  when  it  represents 

a decrease  in  voltage  in  going  from  metal  to  semiconductor,  but  for  most 
metals  this  convention  makes  A negative  since  is  positive. 


=1.1x10 
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37  Values  of  the  Charge  Densities  QfeS  (solid  lines)  and  Barrier 

Voltage  (Jo  and  Interface  Voltage  A (dashed  lines)  as  a Function  of  (J^i  ~ X 
for  Zero  Applied  Voltage  with  Np  = 1.  1 x cc,  Corresponding  to  a 
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The  Interfacial  Layer  with  an  Applied  Bias 


If  the  interfacial  layer  is  thin  enough,  we  can  assume  that  the  (acceptor) 
surface  states  in  Fig.  36  are  filled  up  to  the  Fermi  level  of  the  metal.  In 
that  case,  only  the  equation  determining  the  surface  charge  is  affected,  i.e. , 
Equation  (30)  becomes 

Qsc=  y2eqNj^(Vg  + -V^-kT/q).  (30a) 

As  a result,  in  Eq.  (34)  the  value  for  becomes 

>'2=  2cqNj,(Vg+  4^-X-V„-kT/q) 

and  the  only  other  change  is  that  Eq.  (36)  becomes 

Qgj.=  y2eqNj3(Vg  + - x - - kT/ q + qQ 6 / e.).  (36a) 

1 7 / cc 

Applying  these  equations  with  a reverse  bias  of  5V  to  the  1.1x10 

doped  semiconductor  described  in  Fig.  37,  we  obtain  the  results  described 

in  Fig.  38.  There  is  little  change  in  the  barrier  potential  ~ ~ 

V™  + V . Thus  this  model  of  the  effect  of  surface  states  produces  a result 
jdI  n 

in  agreement  with  many  experiments,  namely  that  the  value  of  the  built-in 
voltage  Vgj  is  little  affected  by  metal  work  function,  or  by  the  applied 
reverse  bias.  Additional  calcuations  verify  that  is  little  affected  by  the 
doping  level.  The  space  charge  and  therefore  Qgg  increase  as  the  square 
root  of  or  of  Vg,  while  and  A are  mainly  affected  by  the  work  func- 
tion of  the  metal. 

6.  3 Transient  Effects  After  a Bias  Pulse 

The  transient  capacitance  effects  measured  by  our  DLTS  experiment 
occur  during  the  transition  from  one  steady-state  bias  value,  say  = 0 
where  the  equilibrium  conditions  are  illustrated  in  Fig.  37  to  another 
steady-state  bias  condition  Vg,  like  the  one  illustrated  in  Fig.  38. 

After  sv  itching  from  0 to  Vg,  the  negative  charge  Qgg  in  surface 
states  increases  to  counteract  the  increased  positive  space  charge  in  the 
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expanded  depletion  layer.  Since  there  is  little  change  in  Vgj,  there  is  little 
change  in  A or  from  steady  state  to  steady  state. 

However,  the  rate  at  which  the  metal  can  transport  change  will  be 
very  fast  so  that  it  seems  reasonable  to  consider  an  intermediate  state 
when  Qgg  retains  its  steady-state  value  fmm  before  the  pulse  but  has 
changed  to  a new  quasi-equilibrium  value  corresponding  to  the  new  applied 
voltage  and  the  old  steady-state  value  for  Qss*  We  will  treat  Nj^  as  a con- 
stant, so  that  the  calculation  will  not  be  accurate  for  measurements  in  which 
the  depletion  layer  edge  moves  out  of  the  active  layer  into  the  buffer  layer. 

The  rate  at  which  Qgg  changes  to  its  new  value  cannot  be  easily  cal- 
culated. It  is  not  clear  whether  it  is  valid  to  assume  that  Qgg  adjusts  at  the 
rate  measured  experimentally  because  our  assumption  that  the  surface 
states  are  eventually  filled  to  the  Fermi  level  of  the  metal  suggests  that  the 
surface  states  are  in  intimate  contact  with  the  electronic  states  of  the 
metal  and  should  fill  very  fast.  On  the  other  hand,  the  electric  field  in  the 
insulating  layer  is  large  and  might  delay  the  tunneling  process.  A calcula- 
tion is  difficult  because  the  calculated  values  of  the  built-in  voltage  are 
insensitive  to  changes  in  6.  Moreover,  the  layer  thickness  6 enters  only  in 

the  ratio  6/  e,  and,  if  we  identify  e.  with  the  semiconductor  dielectric  con- 

^ ^ 11 
stant  instead  of  with  the  free  space  dielectric  constant  that  Cowley  and  Sze 

suggest,  6 may  be  as  large  as  60-80  A.  Considering  this  uncertainty,  we 

will  discuss  the  values  of  AC  which  will  result  if  Qgg  is  assumed  to  retain 

its  old  steady-state  values  for  times  comparable  to  10  ps  in  Section  6.  3.  1 , 

which  will  give  estimates  of  the  magnitude  of  AC.  Then  we  will  discuss 

other  processes  which  might  result  in  transients  with  the  time  scales  observed. 

6.3.1  Intermediate  state  after  a bias  pulse 

During  the  intermediate  state  Qgg  has  the  fixed  value  corres- 
ponding to  its  previous  equilibrium  value,  and  Eq.  (33)  is  not  relevant  until 
the  charge  in  the  surface  states  comes  to  equilibrium,  ^s  a result,  we 
obtain  Q^and  Qg^  from  Eqs.  (35)  and  (36)  with  Qgg  known.  As  an  example 
of  the  calculated  results,  we  show  in  Table  XI  the  intermediate  state  after 
the  bias  has  switched  from  0 to  5V,  where  the  steady  states  are  illustrated 
in  Figs.  37  and  38. 
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TABLE  XI 

CHARACTERISTICS  OF  STEADY  STATE  AND  INTERMEDIATE  STATE 


Quantity 


Bias  Voltage  (volts) 
A (volts) 
Capacitance  (pf) 

Ep  ■‘I  <^0  (eV) 

Qj^^(cm"2) 

Qss(cm"2) 


Vpjj  (volts) 


Initial 

State 

Inter- 

Mediate 

State 

Final 

State 

0 

5 

5 

-.33 

-.  14 

-.32 

141 

53.7 

52.9 

.034 

.226 

.048 

3. 2 X 10^^ 

1.4  X 10^^ 

3.0  X 10^^ 

-4.3  X 10^^ 

1 2 

-4.3  X 10^^ 

-6.0  X 10^^ 

.85 

. 65 

.83 

The  capacitance  drop  from  the  intermediate  state  to  the  final  state  is 
calculated  as  -0.8  pf  in  Table  XI.  The  measured  capacitance  drop,  esti- 
mated from  Fig.  32,  is  AC  = 1.2  pf.  One  may  expect  a somewhat  larger 

capacitance  experimentally  because  Table  VIII  shows  that  5V  put  the  edge  of 

1 fi 

the  depletion  zone  part  way  into  the  buffer  layer,  where  N^  = 3.3  x 10  / cc. 

As  indicated  by  Table  XI,  the  decrease  in  capacitance  is  accompanied  by  a 
transient  increase  in  V^j  from  0. 65  to  0.83V.  Several  other  measurements 
are  summarized  in  Table  XII,  Including  the  assumed  value  of  Nj^  in  the 
calculation  of  the  intermediate  state. 


I 


TABLE  XII 


EXPERIMENTAL  AND  MEASURED  TRANSIENT  CAPACITANCE 


The  agreement  between  measured  and  calculated  results  is  generally 
very  good.  The  only  large  discrepancy  is  for  wafer  No.  72507  when  Vp  = 0 
and  Vg  = 20.  Part  of  the  discrepancy  is  due  to  the  fact  that  the  depletion 
edge  for  = 20  is  in  the  buffer  layer  where  the  doping  is  reduced  to 
1.8  X 10^’/  cc  according  to  Table  VI,  which  tends  to  increase  the  mea- 
sured transient  capacitance. 

6.3.2  Possible  transient  effects 

Although  the  transient  capacitances  calculated  in  Table  Xn 
agree  reasonably  well  in  direction  and  magnitude  with  the  experimental 
results,  it  is  not  clear  whether  it  is  reasonable  to  assume  that  the  surface 
states  require  lO  - 100  /us  to  reach  equilibrium.  In  this  section  we  want  to 
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suggest  that  the  high  electric  field  at  the  surface  of  the  semiconductor  and 

the  interfacial  layer  might  cause  transient  effects  of  the  order  observed.  A 

surface  charge  about  on  the  order  of  5 x 10  C/  cm  , such  as  shown  in 

Fig.  38,  can  cause  fields  on  the  order  of  4 x 10^  V/  cm,  which  might  easily 

cause  changes  in  the  density  of  states  D or  neutral  energy  q<;>  or  cause 

s o 

motion  of  mobile  charge  within  the  interfacial  layer  which  could  change  the 
effective  value  of  the  dielectric  constant  e.. 

The  effect  of  a change  in  the  density  of  states  D can  be  seen  from 

s 

Fig.  39,  where  we  have  plotted  the  pxjtential  drop  A as  a function  of 

(D  / D°),  where  D°  is  the  most  likely  value,  taken  from  Table  X.  From 
s s s 

Table  XI,  a change  in  A of  0. 18  is  enough  to  explain  the  transient  capaci- 

17 

tance  for  = 1. 1 x 10  / cc.  A smaller  change  in  A occurs  for  lower 

doping  densities.  From  Fig.  39,  a change  of  the  order  of  -0.1  volts  would 

occur  if  D increased  by  a factor  of  3 under  the  influence  of  the  increased 
s 

electric  field  indicated  by  the  space  charge  shown  in  Fig.  38,  which  would 
have  the  right  sign  and  magnitude  to  explain  the  obseiwed  transient  capacitance. 

Another  method  in  which  the  balance  of  charges  could  slowly  change  is 

by  means  of  the  slow  diffusion  of  mobile  charges  existing  within  the  insulating 

2 

layer.  In  this  case  the  time  scale  would  be  <5  / D,  where  D is  a diffusion 
constant  which  may  have  an  activation  energy  to  give  it  the  exponential 
behavior  found  experimentally  in  Figs.  30  and  35. 
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GROWTH  AND  FABRICATION  METHODS  FOR  MINIMIZING  TRAP 


EFFECTS  ON  FET'S 


Historically,  FET  performance  has  been  adversely  affected  by  both 
bulk  traps  introduced  into  the  channel  by  outdiffusion  from  the  semi-insulat- 
ing substrate  and  by  the  effects  of  surface  states.  Unfortunately,  neither  of 
these  effects  can  be  completely  eliminated.  The  technology  for  the  growth 
of  bulk  semi-insulating  GaAs  has  not  advanced  to  the  state  where  it  is  possible 
to  make  outdiffusion  negligible.  Attempts  to  apply  dielectric  coverings 
(passivation)  to  the  channel  surface  have  generally  been  unsuccessful. 

Since  the  problems  could  not  be  eliminated,  FET  designers  have 
emphasized  solutions  which  circumvent  the  problem.  Solution  1 is  the  buffer 
layer,  which  moves  the  conducting  channel  to  a position  remote  from  the 
substrate,  as  illustrated  in  Fig.  40,  and  thereby  reduces  the  number  of  bulk 
traps.  This  increases  the  channel  mobility.  Solution  2,  also  shown  in  Fig. 

40,  is  the  recessed  gate  in  which  the  surface  charge  between  gate-and-drain 
and  between  gate-and-source  is  moved  away  from  the  channel.  This  surface 
charge  has  important  effects  in  device  operation,  although  its  effect  was 
minimized  in  our  DLTS  measurement  by  the  geometry  of  the  fat  FET. 

These  surface  states  are  generally  negatively  charged  and  can  modulate  the 
gate  depletion  capacitance  as  the  gate-drain  bias  is  varied.  The  extended 
deplation  layer  can  increase  the  source-drain  resistance,  especially  at  low 
gate  biases. 

The  doping  profile  for  a wafer  designed  to  be  fabricated  into  a low- 

noise  FET  with  a recessed  gate  is  shown  in  Fig.  41.  One  of  the  problems 

associated  with  growing  the  buffer  layer  is  that  outdiffusion  of  acceptors  from 

the  substrate  partially  compensate  for  the  doping  density  of  donors,  which 

is  determined  by  the  AsClg  mole  fraction  in  the  VPE  reactor  system.  We 

use  this  compensation  to  our  advantage  by  growing  a thin  buffer  layer 

( « 2 mm)  and  letting  the  acceptors  drive  the  doping  level  down  to  the  low 
1 3 

10  / cc  range. 
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f-igure  40  Chronological  Sequence  of  Changes  in  l>evice  Tech- 
nology to  Minimize  Effects  of  Traps. 
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Figure  41  Doping  Profile  of  a Low-Noise  FET  showing  a Low- 
Doped  Buffer  Layer  separating  the  Active  Layer  from 
the  Substrate.  An  n"*^  contact  layer  is  grown  near  the 
surface. 
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Such  beneficial  use  of  normally  undesired  impurities  is  a c 
task.  All  substrates  do  not  have  the  same  impurity  species  in  sin 
sities.  Consequently,  calibration  of  the  reactor  for  buffer  layer  f 
must  necessarily  involve  the  type  of  substrate  to  be  used  in  the  gr 
Each  boule  of  substrate  must  be  calibrated  for  use.  In  general,  e 
new  boule  is  accepted  for  use,  it  must  be  characterized  by  growin 
measuring  high- resistivity  buffer  layers. 

The  delicate  balance  between  the  depletion  of  donors  by  the 
stream  requires  thin  buffer  layers  so  the  growth  process  will  not 
the  outdiffusion  of  acceptors  from  the  substrate,  and  lead  to  too  hi 
doping  level  in  the  part  of  the  buffer  layer  closest  to  the  active  laj 
the  other  hand,  if  the  growth  stream  does  not  compensate  the  acct 
diffusing  out  from  the  substrate,  a layer  of  GaAs  next  to  the  subst 
become  p so  that  a p-n  junction  will  exist  in  the  buffer  layer.  Eit 
two  conditions  will  have  an  adverse  effect  on  the  transistor  operal 

After  the  growth  of  the  buffer  layer  is  completed,  an  etch 
solenoid  and  the  doping  gas  (SiH^  in  H2)  solenoids  are  activitated, 
an  abrupt  transition  between  the  buffer  and  active  layers  (see  Fig 
the  end  of  the  active  layer,  the  etch  bubbler  solenoids  are  deactiv 

the  H„  flow  increased.  This  greatly  decreases  the  mole  fraction 

^ 18 
which  causes  the  doping  in  the  constant  layer  to  jump  to  the  10  c 

After  the  multi-layer  epitaxy  of  the  wafer  is  completed,  a 
rication  technique  is  used  which  places  the  gate  below  the  channel 
layer  surface,  as  illustrated  in  Fig.  40.  The  contact  layer  above 
and  fart  of  the  active  layer  are  etched  away  so  that  the  active  lay< 
the  gate  is  on  the  order  of  0.2  p,  m.  These  recessed-gate-plus-l 
layer  FET’s  are  a much  more  predictable  structure  to  design  am 
than  the  older  design  FET*s,  Nevertheless  it  is  not  an  exact  tecl 
This  is  exemplified  by  the  experimental  evidence  from  numerous 
torles  that  I^jgg  for  a given  pinch -off  voltage  is  influenced  by  the  | 
deposition  process,  the  process  used  to  etch  the  channel  and  gate 


and  the  type  of  post -etch  cleaning  to  which  the  FET  surface  is  subjected. 

In  the  next  section  we  will  present  experimental  results  for  recessed  gate 
wafers  in  which  a buffer  layer  and  a contact  layer  are  successively  added  to 
the  FET  structure. 
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I-V  CURVES  MEASURED  ON  RECESSED  GATE  FET'S  BY  PULSED 
AND  CW  METHODS 
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FET  characteristics  were  evaluated  usinR  equipment  which  measures 
the  source-drain  current  as  a function  of  the  gate  voltage  and  the  drain 
voltage  V'^.  The  voltages  can  be  kept  steady  or  the  current  can  be  measured 
at  a fixed  time  after  pulsing  either  or  from  some  fixed  value  to  the 
measurement  value.  The  pulsed  measurements  Indicate  the  presence  or  ab- 
sence of  the  transient  emptying  and  filling  of  bulk  and  surface  traps. 


In  order  to  make  comparisons  between  different  structures,  we 
evaluated  FET's  which  were  buffered  and  unbuffered  and  which  were  grown 
with  and  without  n^  contact  layers  (see  Fig.  40)  connecting  the  channel  to  the 
source  and  drain  as  indicated  in  Table  Xin. 


TABLE  XIII 

DEVICES  TESTED  FOR  1-V  CHARACTERISTIC.S 


Device 

Buffer 

Contac 

Designation 

Layer 

Layer 

A 

No 

No 

AB 

Yes 

No 

AC 

No 

Yes 

ABC 

Yes 

Yes 

A large  number  of  I-V  curves  was  taken  with  these  devices,  of  which 
we  will  show  a selected  few  to  illustrate  the  device  improvement  resulting  from 
adding  a buffer  zone  and  a contact  layer. 

The  solid  curves  in  Fig.  42  show  the  DC  characteristics  measured  on 
the  unbuffered  device  A (2).  The  dashed  curves  show  the  result  of  pulsing 
the  drain  from  0 to  V^,  and  measuring  the  drain  current  lOO  p.  s after  the 
drain  is  turned  on.  Pulsing  the  device  causes  a current  increase  on  the  order 
of  4 mA  near  the  knee  of  the  curves,  i.e.,  near  the  drain  voltage,  where 
velocity  saturation  begins  to  occur  in  the  channel.  These  transients  were 
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observed  to  have  decay  times  on  the  order  of  0.  2 to  1 ms,  which  is  compar- 
able to  the  decay  times  at  room  temperature  of  the  bulk  and  surface  traps 
which  we  have  observed  in  the  DLTS  experiments. 

Figure  43  shows  the  results  of  similar  measurements  on  device  AR, 

which  includes  a buffer  layer.  Now  there  is  little  difference  between  the 

pulsed  and  DC  results,  indicating  the  absence  of  trap-induced  transients. 

The  DC  curves  ^ow  a gradual  increase  of  current  as  the  drain  voltage  is 

increased,  instead  of  complete  current  saturation,  which  may  indicate  that 

some  current  is  being  shunted  through  the  buffer  layer  or  along  the  substrate 

surface.  A slight  amount  of  hysteresis  can  be  seen  for  V = 0 and  -0.2  in  the 

S 

DC  curves,  which  are  drawn  by  sweeping  the  x-y  recorder  pen  from  = 0 
to  Vj  = 5 and  returned  over  a period  on  the  order  of  a minute. 

When  a contact  layer  is  used  in  addition  to  the  buffer  layer,  we  reduce 
the  transients  even  further,  as  shown  by  Fig.  44.  This  structure  has  an  ad- 
ditional advantage  because  it  reduces  the  source-and-drain  resistance  and 
therefore  reduces  the  thermal  noise.  This  device  also  shows  little  indication 
of  shunt  resistance  since  the  current  is  well  saturated  beyond  the  knee  in  the 
I-V  curves. 

The  behavior  of  the  depletion  zone  during  pulsed  measurements  is 
shown  in  Fig.  45.  The  bulk  traps  outside  the  depletion  layer  W'(x)  are  filled 
during  an  Internal  trap-setting  mode,  illustrated  in  Fig.  45a  for  a pulsed 
drain  mode  and  in  Fig.  45b  for  a pulsed  gate  mode.  (In  both  of  these  sketches, 
the  increase  of  W(x)  with  x is  exaggerated.)  The  traps  outside  are  ini- 
tially filled;  in  order  to  describe  the  process,  a program  was  written  in  which 
^(x)  was  stored  by  means  of  a spline  routine,  and  was  determined  by 
means  of  the  symmetric  model  described  by  Pucel  et  al.  The  space  charge 
density  is  now  a function  of  x and  y,  which  complicates  the  original  model 
somewhat,  but  Wj(x),  the  depletion  layer  thickness  immediately  after  the 
voltage  is  pulsed,  can  still  be  found  by  numerically  integrating  a differential 
equation  for  W. 
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Fifjure  44  Comparison  of  DC  and  Pulsed  Drain  Characteristics 
for  a Wafer  with  both  Buffer  suid  Contact  Layer.  The 
transient  effects  are  nearly  eliminated. 
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Fljjure  45  Schematic  Diagram  of  a Depletion  Layer  in  a FET  During  a 
trap  setting  pulse  W (x)),  immediately  after  the  pulse 
(W-(x))  and  after  the’t^'ET  has  had  time  to  reach  a new  steady 
stale. 
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Immediately  after  the  voltages  are  pulsed  to  new  values,  the  traps 
between  and  Wj(x)  will  be  filled.  More  explicitly,  let  the  active  layer 

density  of  shallow  donors  be  N and  the  density  of  electron  traps  be  NT.  Then 
the  positive  charges  between  0 and  W^(x)  have  the  density  N(l  + T),  while  the 
density  between  and  is  only  N.  These  traps  empty  on  a time  scale  on 
the  order  of  milliseconds,  and  the  depletion  layer  settles  back  to  W,,,  with 
the  positive  charges  having  a density  N(l-*-  T). 

Numerical  results  are  shown  in  Pig.  46  for  the  case  where  V , = 3V 

17  “ 

and  the  gate  is  pulsed  from  0 to  3V.  Here,  N = 10  / cc,  T = 0.  1,  the  gate 

length  is  1pm,  the  gate  width  is  300  p m,  and  the  active  layer  has  a thick- 
ness a = 0. 3 p m.  The  thickness  of  the  depletion  layer  does  not  change  very  ^ 

much  with  x,  which  is  typical  of  these  FET' s,  but  may  seem  surprising  to 
someone  with  a qualitative  understanding  of  FET  operation. 

For  bulk  traps,  the  drain  current  should  increase  during  the  transient 
phase  as  shown  by  the  calculation  of  Fig.  46  where  the  current  increases  from 
42.4  to  47.6.  Measurements  with  the  gate  pulsed  from  0 showed  little  effect 
and,  in  fact,  the  current  decreased  slightly,  which  would  be  consistent  with 
the  DLTS  results  which  showed  the  depletion  layer  moving  outward  due  to 
surface  states  beneath  the  gate. 

Another  experiment  is  shown  in  Pig. 47  in  which  the  gate  voltage  is 
pulsed  downward  from  the  pinchoff  voltage  to  the  recorded  gate  voltage,  using 
the  buffered  transistor  AB.  This  is  equivalent  to  the  reverse  pulse  in  the  j 

DLTS  measurement,  and  we  would  expect  to  see  no  change  in  1^  from  bulk 
traps.  In  fact,  increases  slightly  during  the  transient  phase,  which  is 
probably  due  to  the  slow  emission  of  electrons  from  surface  traps. 
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Figure  46  The  Calculated  Positions  of  the  Edge  of  the  Depletion  Layer  for  V_  = 0,  Immediately 
after  pulsing  Vy  to  3 volts  and  after  reaching  the  depletion  layer  Iras  fallen  back  to 
its  new  steady  state.  In  each  case  the  channel  has  reached  saturated  velocity  beyond 
the  / marks.  The  values  of  Y from  the  gate  to  0.  1 pm  are  not  shown. 


PBN. 78-296 


BUFFER  FET  AB  (I) 

CW 

; PULSED  GATE 


Sompteot  lOOfjLS 


Figure  47 
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The  DC  and  Pulsed  Drain  Characteristics  of  the 
Buffered  Transistor.  The  gate  is  pulsed  from 
pinchoff  value  to  the  indicated  value.  The  change 
in  the  c!  aracteristics  indicate  the  depletion  layer 
is  shrinking,  as  would  be  expected  for  surface 
states  under  the  gate  recovering  from  a reverse 
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9.0  CONCLUSIONS 

[ During  the  last  year  of  this  contract,  DLTS  measurements  detected  and 

‘ identified  electron  traps  in  n-GaAs  and  hole  traps  in  p-GaAs.  A technique 

was  developed  by  which  the  energy  level  of  the  trap  and  its  cross  section 
could  be  obtained  from  a single  DLTS  temperature  sweep. 

A new  type  of  signature  due  to  surface  traps  was  discovered  and  shown 
to  produce  stronger  DLTS  signatures  than  bulk  traps  in  normally-doped 
FET's.  These  surface  trap  signatures  were  qualitatively  different  from 
bulk  traps  in  several  ways.  They  may  be  expected  to  produce  noise  whose 
i;--  frequency  will  be  upconverted  to  produce  FM  noise  affecting  microwave 

[|  oscillators.  The  noise  effects  of  the  surface  traps  may  have  important 

■'  effects  on  the  microwave  operation  of  FET's  but  noise  studies  are  beyond 

: the  scope  of  this  contract. 

FET  designs  have  been  modified  to  include  the  growth  of  multi-layer 
epitaxy  with  buffer  layers  and  contact  layers  and  the  fabrication  of  devices 
’ , with  recessed  gates.  Pulsed  and  DC  measurements  taken  on  these  devices 

demonstrated  that  major  transient  variations  in  FET  parameters  over  the 
scales  on  the  order  of  milliseconds  have  been  eliminated  by  these  techniques. 
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The  principal  investigators  of  this  program  over  the  past  year  were 
Dr.  Lowell  Holway  and  Dr.  Michael  Adlerstein.  Epitaxial  semiconductor 
growth  was  directed  by  Dr.  Alan  Swanson.  The  fabrication  of  fat  FET's 
was  directed  by  Dr.  James  Vorhaus  and  the  fabrication  of  the  recessed  gate 
FET*s  was  directed  by  Dr.  B.  S.  Hewitt.  The  electronic  design  and  the 
DLTS  experimental  measurements  were  carried  out  by  Mr.  Jack  Curtis. 

Overall  technical  guidance  and  consultation  was  provided  by  Mr. 
Robert  Bierig,  the  manager  of  the  Research  Division  Semiconductor 
Laboratory. 


11.0  PUBUCATIONS,  PRESENTATIONS  AND  REPORTS 


A chronological  listing  is  given  below  of  the  publications,  presentations 
and  reports  which  were  generated  from  Contract  No.  F44620-75-C-0063  or 
which  are  planned. 


1.  "Electrical  Traps  in  Microwave  Materials,  " Interim  Scientific 
Report  for  the  period  March  1,  1975  - February  29,  197  6, 
prepared  by  Michael  Adlerstein  and  Charles  Krumm. 

2.  M.  G.  Adlerstein  and  C.  F.  Krumm,  "Electrical  Traps  in 
GaAs  Microwave  FET’s,  " Workshop  on  Compound  Semiconduc- 
tors and  Microwave  Devices,  San  Diego,  California,  March  11, 
1976. 

3.  R.  A.  Pucel  and  C.  F.  Krumm,  "Measured  Drift  Mobility  in 
n-type  GaAs  epi  Layers,  " Workshop  on  Compound  Semiconduc- 
tors and  Microwave  Devices,  San  Diego,  California,  March  11, 
1976. 

4.  J.  Thompson,  S.  R.  Steele  and  R.  Bierig,  "EFect  of  Substrate 
Upon  High  Resistivity  Buffers  for  Field  Effect  Transistors,  " 
Workshop  on  Compound  Semiconductor  Materials  and  Devices, 
San  Diego,  California,  March  11,  1976. 

5.  R.  A.  Pucel  and  C.  Krumm,  "Simple  Method  of  Measuring 
Drift  Mobility  Profiles  in  Thin  Semiconductor  Films,  " 
Electronics  Letters  _1_2  10,  p.  240,  1976. 

6.  M.  G.  Adlerstein,  "Electrical  Traps  in  Microwave  FETs,  " 
Electronics  Letters  J_2  12,  p.  297,  June  1976. 

7.  Robert  A.  Pucel,  "A  Mobility  Profilometer  for  Semiconductor 
Films.  Raytheon  Patent  Disclosure  No.  31385,  dated 
October  5,  1976. 

8.  M.  G.  Adlerstein,  "Trapping  Phenomena  in  GaAs  Microwave 
FET's,  " AFOSR/  NE  Advisory  Group  Workshop  on  Gallium 
Arsenide  Materials  for  Microwave  Devices,  14  October  1976, 
Arlington,  Va. 

9.  "Electrical  Traps  in  Microwave  Materials,  " Interim  Scientific 
Report  for  the  period  March  1,  1976  - February  28,  1977, 
prepared  by  Michael  Adlerstein  and  Lowell  Holway. 

10.  L.  H.  Holway,  Jr.,  M.  G.  Adlerstein  and  J.  Curtis,  "Elec- 
tronic Trap  Studies  on  GaAs  FET  Wafers,  " Workshop  on 
Compound  Semiconductor  Microwave  Materials  and  Devices, 

San  Francisco,  California,  February  13,  1978. 


101 


t 


11.  L.  H.  Holway,  Jr.,  M.  G.  Adlerstein  and  J.  Curtis,  "Surface 
State  Transients  In  GaAs  FET's,  " (tentative  title  of  publication 
to  be  based  on  Sections  4 and  6 of  this  report). 

12.  "Electrical  Traps  in  Microwave  Materials,  " Final  Report, 
prepared  by  Lowell  Holway  and  Michael  Adlerstein,  April,  1978. 


102 


REFERENCES 


1.  "Electrical  Traps  in  Microwave  Materials,  " Interim  Report, 
Contract  No.  F44620-75-C-0063,  for  the  Period  March  1,  1975 
— February  29,  1976,  prepared  by  Michael  Adlerstein  and 
Charles  Krumm. 

2.  "Electrical  Traps  in  Microwave  Materials,  " Interim  Report, 
Contract  No.  F44620-75-C-0063,  for  the  period  March  1,  197  6 

— February  28,  1977,  prepared  by  Michael  i^dlerstein  and  Lowell 
Holway. 

3.  M.  G.  Adlerstein,  "Electrical  Traps  in  Microwave  FET's," 
Electronics  Letters  297-298  (1976). 

4.  R.  A.  Pucel  and  C.  F.  Krumm,  "Simple  Method  of  Measuring 
Draft- Mobility  Profiles  in  Thin  Semiconductor  Films,  " Electronics 

Letters  240-241  (197  6). 

5.  W.  H.  Shockley,  "Electrons,  Holes  and  Traps,"  Proc.  IRE  46, 
973,  (1958). 

6.  A.  Milnes,  Deep  Impurities  in  Semiconductors,  John  Mig  and  Sons, 
New  York,  New  Vorlc  (1973). 

7.  D.  V.  Lang,  "Deep  Level  Transient  Spectroscopy,  A New  Method 
to  Characterize  Traps  in  Semiconductors,  " Journal  of  Applied 
Physics^,  3023-3033  (1974). 

8.  G.  M.  Martin,  A.  Mitonnean,  and  A . Mlrcea,  "Electron  Traps 
in  Bulk  and  Epitaxial  GaAs  Crystals,  " Electronics  Letters  1_^, 
191-193  (1977). 

9.  A.  Mltonneau,  G.  M.  Martin,  and  A . Mlrcea,  "Hole  Traps  in 
Bulk  and  Epitaxial  GaAs  Crystals,  " Electronics  Letters  1^, 
666-668  (1977). 

10.  D.  V.  Lang  and  R.  A.  Logan,  "A  Study  of  Deep  Levels  in  GaAs 
by  Capicitance  Spectroscopy,  " Journal  of  Electronics  Mat. 
1053-1066  (1975). 

11.  A.  M.  Cowley  and  S.  M.  Sze,  "Surface  States  and  Barriers  Height 
of  Metal  Semiconductor  Systems,  " Journal  of  Applied  Physics 

3212  (1965). 

12.  S.  M.  Sze,  Physics  of  Semiconductor  Devices,  P.  372-378,  John 
Wiley  and  Sons,  New  York  (19fe9). 


103 


A.  Mircea,  A.  Mitonneau,  and  J.  Vannlmerus,  "Temperature 
Dependence  of  Ionization  Energies  of  Deep  Board  States  in 
Semiconductors,"  Journal  Physique  (Letters)^,  L41-L43  (1977). 

D.  V.  Lang,  A.  Y.  Chu,  A.  C.  Gossard,  M.  Ilegems,  and  W. 
Wiegmann,  "Study  of  Electron  Traps  in  n-GaAs  Grown  by 
Molecular  Beam  Epitaxy,  " Journal  of  Applied  Physics  47,  2558- 
2564  (197  6). 

O.  Wada,  S.  Ysuiagisawa,  and  A.  Takanashi,  "Determination  of 
Deep  Electron  Traps  in  GaAs  by  Time-Resolved  Capacitance 
Measurement,"  Applied  Physics  13,  5-13  (1977). 

F.  Hasegawa  and  A.  Majerfeld,  "Majority-Carrier  Traps  in  n- 
and  p-type  Epitaxial  GaAs,  " Elects.  Letters  _1_3,  191-193  (1975). 

K.  Sakai  and  T.  Ikoma,  "Deep  Levels  in  GaAs  by  Capacitance 
Methods,"  Journal  of  Applied  Physics^,  165-171  (1974). 

R.  A.  Pucel,  H.  Statz,  and  H.  Haus,  "Signal  and  Noise  Properties 
of  GaAs  Microwave  Field-Effect  Transistors.  " Advances  in 
Electronics  and  Electron  Physics,  Vol.  38,  Herdemic  Press,  Inc., 
New  York,  1975. 


